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Executive Sumary

The objective of this paper is to detail the preliminary design of composite overwrapped
pressure vessels for use on the Liquid Rocketry Lab pilot launch vehicle. These pressure
vessels will be designed to act as propellant and pressurant vessels for use aboard
the spacecraft. The pressure vessels will act to contain the rockets fuel, oxidizer, and
pressurant which will be fed through the powerpack to generate sufficient flight thrust.
All components are designed to be manufactured using resources available to Liquid
Rocketry Lab. The outcome of this project are analytically validated designs along with
all necessary information to advance the designs.

Pressure vessel liners will be manufactured by a to be determined source and
composite overwrapping to be completed by Blue Force Technologies, a Durham based
composite manufacturer. Filament winding decisions will based upon Blue Force
Technologies processing capabilities. Before manufacturing all pressure vessels should
pass review by a professional engineer. Should the pressure vessels fail review by a
professional engineer, the design should be improved until it receives approval at which
point manufacturing can commence.

This paper will cover all requirement research, design space definition, design selection,
design justification, modeling, and validation. Completion of this project work evaluated
with sufficient merit to earn a completed grade acts to fulfill North Carolina State
University requirements for completion of MAE 586 acting as partial fulfillment of the
requirements for the degree of Master of Science in Mechanical Engineering.

Abstract

With the recent boom in the space industry, composites and their usage in launch vehicles
has increased. For rockets utilizing pressurized systems, composite overwrapped pressure
vessels have become commonplace within the industry thanks to their ability to maintain
low mass while containing high pressures. Despite their ubiquity within industry there is
not much literature on the design process as many of these applications are proprietary.
This paper discusses the design process utilized in the creation of preliminary designs
of propellant and pressurant COPVs for a suborbital liquid propellant rocket. First,
specifications are defined to contextualize the problem by creating a set of application
specific requirements. Next, trade studies are used to explore the solution space and
answer the big design questions based upon the information available. Then, preliminary
designs are created parametrically and analyzed to examine their validity on a basic
level. Finally, suggestions are made for continuation of the design process with the
objective of manufacturing these COPVs to integrate with the rest of the flight hardware
being developed for the launch vehicle.



Abbreviation Definitions

AGL Above ground level
Al Aluminum
A S L Above mean sea level
CAD Computer aided design
CAE Computer aided engineering
CBPV Common bulkhead pressure vessel
CFD . Computational fluid dynamics
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Introduction

1.1 Background

Composite overwrapped pressure vessels (COPV)s are in essence pressure vessels which
consist of a liner surrounded by a wound composite. A diagram of a simple COPYV is
shown in figure [I.1l COPVs have become wide used across many industries including,
but certainly not limited to: food and beverage, protective equipment manufacturing,
aerospace, automotive, and defense. With the recent boom in space applications COPVs
been increasingly employed in rockets thanks to their lightweight construction.

As shown in figure COPVs have several components including, the overwrap, the
liner, as well as polar bosses. The tank head is the closure at either end and the cylinder
is the right cylindrical section between the two heads. Depending on the application
COPVs may also have other internal features such as piping or baffles which complete a
specific task.

COPVs are commonly manufactured through the use of filament winding, a process
which uses a collection tows (bundles of individual fibers) and a thermosetting resin
system to wrap a mandrel in a fiber reinforced polymer composite. Filament winding is
desirable thanks to its capability to deposit continuous fiber at at specific angles as well
as its applicability for use with simplistic asymmetric parts. The mandrel for which a
COPVs overwrap is wound about is most often a sacrificial liner which becomes part of
the COPVs structure.

The liner is usually made from metal, plastic, or composite materials. Because the
intention of a COPYV is to reduce mass that would traditionally be consumed by a full
metal PV, COPVs are commonly designed so that the liner (which is often made from
a material with lower specific strength than the overwrap) bares minimal load. This
allows the textile composite overwrap which perform best under tension to act as the
primary load baring feature.

Polar bosses act as orifices on either end of the vessel which allow for flow in or out
of the COPV. Polar bosses typically have threaded or welded joints to piping from or to
which flow is directed; However for some applications, more complex mating mechanisms
such as expansion fittings must be used. These bosses may contain multiple orifices
rather than a single axisymmetric orifice as is shown in figure [I.1] should the application
require it.
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Figure 1.1: Basic COPV diagram with labeled components

1.2 COPYV History

NASA engineers began pioneering COPV development in the 1960’s with the goal of
improving PV mass efficiency [1]. In the early 1970’s Pat B. McLaughlan was working
on “the NASA Firefighter’s Breathing System Program”, a project with the objective
of “improving respiratory protection for municipal firefighters” [2]. This project began
the development and adoption of COPV’s for the commercial market [2]. The result of
the program was declassification of COPV’s which NASA had previously developed for
aeronautic applications. COPV’s offered the potential for a lightweight alternative to
traditional all steel or aluminum type 1 PVs while maintaining adherence to Department
of Transportation standards [2] [3].

COPYV design started with type 2 PVs which consisted of glass fibers wound around a
steel or aluminum liner and eventually developed into type 3 PVs which are charactarized
by “advanced fibers” wound around a metal liner[2, 3]. The first advanced fibers to
be made into a commercial type 3 COPV were Kevlar®, eventually followed by the
use of carbon fiber [2]. All the while COPV technology continued to improve at NASA
as they became integrated into launch vehicles such as the Space Shuttle Orbiter;
However “stress rupture failure” became and evident concern as a precise understanding
of composite fiber loading continued to elude NASA engineers [2].

As COPV research advanced, engineers developed a greater understanding of com-
posites and composite overwraps which has led to common use of lighter, lower safety
factor COPVs within the aerospace industry [2]. Nowadays liner options have expanded
from steel and aluminum to a wide variety of metals and polymeric materials for type
4 PVs [2, B]. Recently type 5 or composite liner COPVs have become commercially
available as a result of a U.S. Air Force Research project in collaboration with University
of Texas and were first utilized on the student built satellite FASTRAC 1 [4].



1.3 Design Context

1.3.1 Mission Statement / LRL Overview

Liquid Rocketry Lab is a student run research organization at North Carolina State
University. The LRL Pilot project mission objective is to launch a liquid bipropellant
rocket 100km to the Karman Line. The launch will follow a simplistic trajectory as the
only objective is to go as high as possible and to do so with safety held as the primary
consideration. LRL is currently on track to become the first student organization to
build a liquid propellant rocket to reach space, a secondary objective of the project.
Upon completion of launch vehicle manufacturing and testing, vehicle launch will
occur at Spaceport America adjacent the White Sands Missile Range near Las Cruces,
New Mexico. After completion of the pilot project, LRL intends to shift its focus towards
becoming a fully funded propulsion research center to act as a home for engineering
excellence and as a hub for aerospace within North Carolina’s research triangle.

NOTE: PROPELLANTS ARE NOT, AND NEVER WILL BE STORED NOR
HANDLED ON OR IN CLOSE PROXIMITY TO NORTH CAROLINA STATE

UNIVERSITY CAMPUS BY LIQUID ROCKETRY LAB OR ITS AFFILIATES

1.3.2 Rocket Design Overview

Avionics: Avionic systems within the launch vehicle consist of ground control, auto-
mated systems monitoring, actuating GNC hardware, and all other electro-mechanical
systems. Many of these avionic systems integrate intimately with other systems such as
plumbing, recovery, and GNC.

Software: Software is used to control all avionic systems. Software on the flight
vehicle will, control automated systems, give vital value feedback for launch operations,
assess flight dynamics, and issue control authority for corrective maneuvers. It is being
written in a unique human readable language for real time human monitoring as a
redundancy to automated monitoring.

Plumbing: Plumbing within the launch vehicle are responsible for filling and conveying
fluids within the flight system. Plumbing allows for propellants and pressurants to be
loaded into the rocket and then conveys these fluids from the COPVs in which they are
stored to the engine for combustion. Plumbing also supports the function of cleaning and
fluid systems maintenance. The plumbing system moderates pressure drop / pressure
level maintenance within the launch vehicle.

Recovery: The recovery system is responsible for getting the rocket back to ground
safely. This includes drag devices such as parachutes, ballutes, associated deployment
mechanisms, along with descent regime modeling. Recovery has loading implications for
other subsystems and may have to work intimately with GNC and Avionics on projects
such as recovery guidance and tracking of any separating components.



Airframe: The airframe is comprised of the systems which provides support and act
as the skin for much of the rocket. For the sake of this paper, ’airframe’ also accounts
for the nosecone / payload fairing. The airframe acts as a mounting point for all other
systems and will likely be broken into multiple sections rather than a single continuous
frame.

GNC: Guidance Navigation and Control is the system responsible for maintaining
trajectory of the rocket. It combines control surfaces, avionics, and software to apply
moments about the rockets center of pressure while in flight. The GNC system will be
one of the most robust systems within the launch vehicle providing ultimate control
regardless of the situation. GNC is particularly responsive to mass changes in other
systems and requires the consideration of dynamic changes throughout flight.

Engine: The engine/powerpack assembly are the parts of the rocket that provide
thrust for flight. The current design has a regeneratively cooled combustion chamber
with a truncated ideal contour nozzle. The engine aims to provide approximately 3000
Ibf of thrust. Combustion occurs with an intended chamber pressure of 500 psi and a
testing atmospheric exit pressure of 14.7 psi. The engine currently plans for a combined
propellant mass flow rate of 5.34 kg/s mixed at a ratio of 7:1 (HTP:RP-1).

10



System Specifications

2.1 Constraints

2.1.1 Tanks shall operate as designed at MEOP

MEOP or maximum expected operating pressure is a main determining factor of required
strength for a PV for most applications. For a COPV it, in concert with other loading
defines the amount of overwrap required. MEOP is determined by the engines required
flow rate, the required pressure drop throughout the propulsion system, and for the
pressurant tank the engines required burn time. For compressible fluids such as the
pressurant, gas volume also contributes to determination of MEOP as a larger vessel
would require lower pressure to hold the same volume of gas.

Propellant COPVs shall be designed to a MEOP of 1000 psi

The MEOP requirement stated by William Hitchcock, LRL Vice President of Propulsion,
and confirmed by LRL President of Engineering Alexander Allen is 1000 psi. This
pressure will allow for proper propellant flow rate and injection pressure at the engine.

Pressurant COPYV shall be designed to a MEOP of 6000 psi

The MEOP requirement stated by Alexander Allen and confirmed by William Hitchcock
for the pressurant tank is 6000 psi. This pressure will allow a sufficiently small tank while
providing enough pressurant to maintain 1000 psi in the propellant tanks throughout
the entirety of the burn cycle. Because the pressurant will be a compressible fluid, both
pressure and volume are flexible parameters.

2.1.2 Tanks shall meet or deceed mass budget

The Tsiolkovsky Rocket Equation also known as the Ideal Rocket Equation describes
an idealized situation in which a change in a rocket’s velocity, and subsequently it’s
achievable altitude is dictated by the rockets exhaust velocity and its mass ratio [5].
A rockets mass ratio is defined as the rockets mass when full of propellant, here-forth
referred to as ‘full mass’ divided by the rockets mass when empty here-forth referred to
as ‘dry mass’ [5]. Because this relationship exists, the mass of each system within the
rocket is critical to the rockets ability to achieve its mission objective.

This need for strict control over mass along with limitations on engine thrust is
what has led to the concept of a mass budget. In essence the cap on the mass budget

11



for the rocket as a whole is the maximum allowable dry mass of the rocket such that
when full, the mass ratio is great enough to allow for sufficient velocity throughout
the rockets flight to meet its objective. Just as a financial budget is distributed to an
organizations departments to meet the individual needs of each department, a mass
budget is distributed to a rockets subsystems to meet the individual needs of each
subsystem. For this application an initial mass budget for the rocket as a whole has been
sorted by auditing the needs of each subsystem with an applied buffer factor. The cap
for which the sum of subsystem masses must deceed has been set by using an analytical
program to predict rocket height based upon thrust and weight.

To give an initial estimate of tank weight contribution, minimum tank weight was
estimated using the COPV analytical scripts in code appendices [6.1.1) and [6.1.2] The
scripts assume aluminum liners with hemispherical tank heads and a carbon fiber
reinforced epoxy overwrap. The liner was set to a thickness of 0.10”. This estimate was
then multiplied by 1.5 and rounded to the nearest 5 1b. This buffer factor has been added
to account for tank bosses, fittings, internal plumbing, and any additional wrapping that
may be required. This value was confirmed as a valid estimate for subsystem budget by
LRL President of Engineering Alexander Allen who compiled the entire mass budget.

Mass of propellant tanks shall not exceed 260 lbm

Using the COPV analytical Matlab script in code appendix the initial expected
weight for the propellant tanks is 167.35 lb for a common bulkhead design and 174.21
Ib for an individual tank design. To give a buffer, the higher of the two values was
multiplied by 1.5 and rounded to the nearest 5 Ib giving 260 lbm. Note that this value
does not include any internal features such as baffling or plumbing.

Mass of pressurant tank shall not exceed 140 lbm

Using the COPV analytical Matlab scripts in code appendices[6.1.1|and [6.1.2f a minimum
expected weight for the propellant tanks is 91.14 lb. This value was multiplied by 1.5
and rounded to the nearest 5 1b giving 140 Ibm. Note that this value does not include
any internal features such as baffling or plumbing.

12



2.1.3 Tanks shall accommodate adequate propellant flow rate

Mass flow rate is a standard unit of measure for propellant flow. As previously stated
the engine requires a combined mass flow rate (m of 5.34 kg/s to maintain combustion
stability. This is the current working estimate which has been solved for by LRL
President of Engineering Alexander Allen. With a mix ratio of 7:1 (HTP:RP-1) this
gives mass flow rates myrp = 4.67 kg/s and mpgp_1 = 0.67 kg/s. To ensure that these
needs are met, the tanks must have appropriately sized outlet ports and a sufficiently
non-flow-restrictive set of interior features.

Oxidizer tank shall accommodate myrp = 4.67 kg/s

Fuel tank shall accommodate mgrp_; = 0.67 kg/s

2.1.4 Tanks shall possess factor of safety based on probability
of failure analysis with probability of survival > 0.999

As explained in a 2007 article by Grimes-Ledesma et al. [6], the Phoenix Model is a
probabilistic model based on a Weibull distribution that assesses probability of failure
as a function of stress and time. The fundamental equation for the Phoenix Model is
shown below [0]:

(— 14 9op _\p B)
teref’ Tburst (2‘1)

P(t,o)=1—e

Phoenix Model:
t = time, t.,p = reference time (end time), o,, = stress at MEOP, 0y, = expected
rupture stress, p= power law exponent, = Weibull shape parameter for lifetime

This fundamental Phoenix Model equation as described in [7], is best used to evaluate
probability of failure for steady state conditions. For complex loading histories such as
the one that will be exhibited during flight, the “conditional reliability equation” can be
used. However, this requires that stresses are known for the entire loading history, which
is incredibly difficult to model without experimental launch data. In lieu of a conditional
reliability equation, Engelbrecht-Wiggans et al. explain that a lifetime distribution for
failure probability can be modeled using a “cumulative distribution function for time to
failure” [8]. The cumulative distribution function is described by the equation below [§]:

The cumulative distribution function is likely the best model for a high vibration
situation as is expected during flight. However when examining this model a new
problem arises; Though the article offers parameter value suggestions such as “For
carbon fiber composites ... (3 is typically less than 0.3, and for T1000 carbon/epoxy tows
can be as low as 0.07” [§], these parameter values must be determined experimentally
and are unique to each composite material type [9]. Because of current limitations, this

13



Flo79,5 (75) =1—e res Tref” tref (2.2)
Cumulative distribution function for time to failure:

t = time, t.p = time scaling parameter, 0. = stress scaling parameter,c = average stress
over lifetime, v = parameter reflecting the sensitivity of the material to instantaneous
load, p= power law exponent, B= Weibull shape parameter for lifetime

model cannot be used. However given the opportunity to acquire accurate parameter
values, use of a cumulative distribution model would be suggested.

Due to these issues with more detailed models, a simpler model is suggested in a
2003 article by Chang et al [10]. Chang et al. propose the use of the Lifetime Model
“two-parameter Weibull distribution equation” shown below [10]:

P(t) = e~ (5" (2.3)

Probability of failure for a specified design life time interval:
t = time, a= Weibull shape factor, f= Weibull shape parameter for lifetime

Note that both the Phoenix Model and the cumulative distribution function both
have a ‘1-’ in front of the e() term. This is because these equations are modeling
probability of survival rather than probability of failure. In the report by Chang et al. it
is suggested that probability of survival must be greater than 0.999 or 99.9% [10]. This
means that 1-P(t) must be > 0.999. In the article Chang et al. provides « values as
well as equations to obtain (3 values based upon the composite material type chosen for
the overwrap. The table below containing this information has been recreated from the
report [10]:

Table 2.1: Lifetime Model Weibull parameter values for given composite types

Composite System | Shape Parameter | Scale Parameters

Glass/epoxy a= 1.00 B = (1.4 x 103)10(-0-158(%ULT))
Kevlar/epoxy o= 0.93 B = (2.0 x 10'8)10(-0-198(4ULT))
Graphite/epoxy a= 0.20 B = (1.4 x 1051)10(-0-515(%ULT))

“%ULT is the applied stress level as a percentage of the ultimate burst strength (e.g.,
for applied stress level of 50% ultimate burst strength, %ULT = 50).” [10]

Using the code shown in Code Appendix entry [6.1.3] probability of success was
calculated using the assumption of a carbon fiber over wrap. MEOP was held constant
based on the contextual assumptions that propellant COPVs are pressurized to 1000
psi and pressurant COPVs are pressurized to 6000 psi. Expected burst strength was
incrementally increased until a probability of success equal to 0.999 was achieved. For
both propellant and pressurant COPVs this analysis resulted in a factor of safety (FoS)
of 1.426. This means that to meet this requirement, the COPVs must be manufactured

14



with a maximum service pressure of MEOP*FoS or 1426 psi for the propellant COPVs
and 8550 psi for the pressurant COPV.

2.1.5 Propellant COPV’s shall possess capacity sufficient for
a karman line shot

This specification outlines the entire purpose of the propellant COPVs; Holding enough
propellant to carry the rocket to space. The basis of this specification is the concept
known as ”The Tyranny of the Rocket Equation” [I1]. Pettit explains that The Tyranny
of the Rocket Equation is based on Tsiolkovsky’s ideal rocket equitation (explained in
[5]) along with the idea that once a destination is set and a propellant system with a
specific energy capability is selected, one simply has to work with the energy they have
to get them to the destination. In other words, once the destination and the propellant
system are selected “the rocket mass fraction is now dictated by the rocket equation’
[T1]. This means that with increasing weight, additional propellant is required; However
additional propellant adds to the weight of the rocket.

Through use of this concept a preliminary balance has been struck between dry and
wet mass to hit a rocket mass fraction capable of the mission objective. Because this
estimate has been made solely using estimates given by LRL sub-teams about their
likely sub-system masses, the propellant mass and in kind propellant volume is likely to
change with evolution in design. Because of this propellant capacity viewed as volume
for the sake of COPV design will have to be a variable parameter within the design
which can be changed to update the design in the future. For the sake of calculations
performed in this paper the current estimate for propellant requirements generated by
LRL President of Engineering Alexander Allen are as follows:

Y

HTP mass: ..o 733.04 1bm
HTP volume: ... 410.49 L
RP-1 mass: ..o 104.72 lbm
RP-1 volume: . ... 32.99 L

2.2 Functional Specifications

2.2.1 Tanks shall withstand loading of parachute deployment

Because the COPV must be designed not only as tanks for propellants and pressurants
but also as structural components for the rocket, the highest tensile loads the tanks are
likely to face during flight aside from pressurization are during parachute deployment.
Each COPV must bare the tensile load of any remaining internal pressure, plus the loads
imparted by the recovery system equal to the rockets negative acceleration multiplied
by the mass below the cross section of the tank being examined. Depending on the
vehicles velocity at system deployment, drag brake size, energy dissipation mechanisms
within the recovery system, and the mass of rocket components to impart load on the
tanks, the stresses within the tanks will be non-trivial. This consideration is especially
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important when considering integration of the tanks with airframe sections and design
of the interface between them.

Tank shall withstand an additional axial tensile load of 3195 lbf

As currently modeled, the recovery system regime consists of an initial ballute deployment
close to 35km AMSL | followed by a drogue chute deployment at 5km AGL, followed by
the main chute deployment at 1.5km AGL before touchdown [12], [13]. Figure shows
various metrics important to determining specifics of the recovery system.

A ballute is an aerodynamic braking device that uses a combination of features
borrowed from balloons and parachutes [14]. Ballutes are useful for ”extremely high flow
velocities” [14], and because the falling rocket is expected to be traveling at just over
mach 3.8 at the time of ballute deployment, high deployment velocity is what makes
ballutes desirable for the application[12].

“Drogue parachutes are used to slow and stabilize the [rocket] during descent and
establish proper conditions for main parachute deployment to follow” [I5]. Drogue
chutes are commonly used in rocket recovery, fighter jet arrestment, and other parachute
braking systems. Incorporation of a drogue chute helps ensure main chute deployment
stability and acts as a countermeasure for tangling of the main chute’s riser lines upon
deployment.

The main chute’s objective is to decelerate to touchdown velocity ensuring a minimally
damaging landing for the launch vehicle. Parachute design is highly varied based on
the application, however common contextually applicable parachute designs under
consideration are cruciform and ringsail chutes. The exact geometry of these chute is
currently undetermined aside from the minimum allowable drag area. Parachutes have
historically been the most common method of recovery for re-entry vehicles. It was
not until recently that companies such as SpaceX and Blue Origin have begun using
powered landings; However even these companies continue to use parachutes to recover
payload fairings and crew capsules.

The preliminary recovery simulation script written by Jeffrey-Wilensky [12), [13]
produced the acceleration profile for descent seen in figure [2.2 The maximum expected
acceleration seen by the system with a magnitude of -52.21%; occurs when the ballute
enters a higher density atmospheric layer at approximately 140 seconds after apogee.
Assuming the RP-1 tank is positioned above the HTP tank, and that the pressurant
tank is contained within the airframe, the RP-1 tank will undergo the highest tensile
stress of all the tanks because it has the most mass positioned below it.

system recovery profile: acocleration vs. time
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Figure 2.2: System descent profile (acceleration as a function of time) [12]

16



Velocity vs Altitude (Apogee to Touchdown)
4 T T T T T T T T
™
351 1
ar / N 1
“
/ Y
IIl -H"‘-\.
25 | ““H\,\
L f ]
— | g
= f N
o |
2 | \
S 2r | |
= |
= |
(&}
2 / \
= |
151 | \ 1
II
/ \
If 4
£ 1] \ 1
/ \
r
1
osf | H
/ |
'
ot . L L L . . L L L
0 10 20 30 40 50 ) 70 80 90 100
altitude (m)
Velocity vs. Time
1000 | rd .
)
E / \
2 ol \ _
g o ' 7 \
o e N
0 pd . . . A .
il 50 100 150 200 250 300
time (s)
104 Altitude vs. Time
10 — : :
— H-\--‘"""\..
E N
Py N
35 N 1
=] N
= .
0 L L e .
0 50 100 150 200 250 300
time (s)
15 Air Density vs. Time
S
2 [
E’ ] [ /'/__ N
=
3 /~
505 g
=)
E
0 . . . . . .
il 50 100 150 200 250 300

time (s)

Figure 2.1: descent profile characteristics [12]
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Using the Matlab COPV analysis scripts in code appendices [6.1.1) and [6.1.2] as a
basis, a composite shell thickness of 0.16 inches and an 8 inch outer radius is assumed.
Additionally assuming the rocket has 600 1b of dry weight below the top of the fuel tank.
Additionally it is assumed that whatever mechanism is used to integrate the COPVs
to the airframe joins the tanks after the curvature of the tank head leaving only the
cylindrical midsection of the tanks bearing weight on deployment.

With these assumptions the composite overwrap is found to have a cross sectional
area of 7.96in?. Using the weight assumption as along with the given acceleration, a
force of 3194.358 1bf is calculated. Using the definition of stress(c = %; P = applied
force, A = cross sectional area) we obtain a stress value of 401.5722—2. Given that the
tanks have been rated to MEOP = 1000 psi, provided the tanks have been depressurized
below 600 psi, they should be rated to withstand the imparted load.

2.2.2 Tanks liners must be compatible with stored compounds

A lack of compatibility between a COPV liner and the chemical it is storing creates
potential for unpredictable catastrophic failure. The primary failure mode of concern
for pressure vessels with regard to material incompatibility is stress corrosion cracking.
SCC is a phenomena in which a part under tensile stress within a corrosive environment
forms localized defect zones which lead to fracture [I6]. SCC is of particular interest
in metals as chemical concentration variance along grain boundaries leads to corrosive
susceptibility [16]; However SCC can also occur in polymeric materials along with
polymer degradation.

Liner material must be class A or B for all contents

Note: Class A and B are defined using the following criteria on the A,B,C,D, 12
Cole-Parmer scale[17]

A - Suitable

B - Good, minor effect, slight corrosion or discoloration

C - Fair, moderate effect, not recommended for continuous use

D - Do not use - severe effect

1 _ Satisfactory up to 72°F

2 _ Satisfactory up to 120°F

Note: COVPs with advanced fibers and metal liners are classified as type 3 COPVs.

COPVs with advanced fibers and polymeric liners are classified as type 4 COPVs.
Oxidizer tank liner material selection

To examine useful materials for an HTP COPYV liner, a high level material compatibility
review was conducted. According two web resources, [I7, [I8] the following list of
materials exhibit material compatibility of type A or B as required by specification:
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e ABS plastic e Ceramic magnet e Polycarbonate

e Aluminum e CPVC e PTFE (Teflon®
e Stainless Steel o Hastelloy-C® e PVC
e Ceramic Al203 e NORYL® e Viton®

These materials can then be separeted into the following classifications:

Metals Ceramics Polymers
e Aluminum e Ceramic Al203 e ABS plastic
e Stainless Steel e Ceramic magnet e CPVC
e Hastelloy-C® e NORYL®
e Polycarbonate

PTFE (Teflon®)

e PVC
Viton®

For the application, ceramics can be dismissed due to their low fracture toughness and
low specific tensile strength. This leaves metals and polymers as possible liner materials.

Material candidates for oxidizer type 3 COPYV liner

Because the metals outlined in the high level review have significant variance among a
given material category, a deeper examination is required. Hastelloy-C® can be removed
from the list as it is prohibitively expensive, difficult to work with, hard to procure in
the desired quantities or geometries, and the high operating temperatures at which it
exhibits its greatest corrosion resistant benefits would not be utilized in this application.

In a presentation by Parabilis Space Technologies the chemical resistance of different
alloys of aluminum and stainless steel to HTP was considered [19]. Parabilis used
a numerical class system for describing material compatibility, but for the sake of
uniformity the ratings will be translated into the alphabetical scale previously defined.
Table gives the material and corresponding class of each metal variety that falls into
class A or B.

Because 355 and B356 are casting alloys and the wall thickness of a liner would
be too small compared to the liners other dimensions to cast, these alloys can be
disregarded. 1xxx series Al is regarded as commercially pure aluminum. 1060,1160, and
1260 aluminum all fall under this CP designation and 1060 is the most abundant CP
Al alloy. CP aluminums are low in mechanical properties compared to their alloyed
counterparts, and are typically more expensive. Because of this, 1160 and 1260 will be
eliminated from candidacy.
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Table 2.2: HTP compatible metal liner materials

(a) Compatible aluminum alloys

Aluminum
Alloy | Class _ .
B356 A2 (b) Compatible stainless steel alloys
1060 A? Stainless Steel
1160 | A? Alloy | Class
1260 A2 304 B
5254 A2 316 B
5652 A? 347 B
7072 A2

355 B

6061 B

Similarly, 5652 aluminum is more difficult to get a hold of than 5254, so 5652 will
be removed from this material review in favor of 5254 Al. To maintain uniformity all
material entries were retrieved from the same database. This database, Knovel, did not
have information on 7072 Al [20]. Because of this as well as the difficulty in procurement
7072 Al has also been eliminated.

Table shows truncated and edited versions from tables appearing in Knovel to
convey information relevant to this application [20]. The table section of aluminum
processability considerations in table [2.3] has been curated to reflect manufacturing
processes likely to occur in liner manufacturing. Though not all of these processes will
necessarily be used, it is nearly certain that welding, machining, and cold working will
be used to some degree in the manufacturing of any liner. Because of this, materials
with an "unacceptable” or ”"borderline” processability rating can be eliminated from
candidacy on the grounds that a liner would likely not be able to be made from the
material. Due to a lack of stainless steel information from Knovel, it will be assumed
that all stainless steels rank sufficiently high in required processability considerations.
Using this process of elimination, viable material candidates for type 3 liners for use
with HTP are:

- 5254 Al (H34,H36,H38,H112)

- 6061 Al (T1,T4,T451,T51,T6,T651)
- 304L SS

- 316 SS

- 347 SS
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Aluminum Alloys

Table 2.3: Type 3 COPV liner material comparison

Alloy UNS no. temper UTS (ksi) TYS (ksi) % & BHN G (ksi) Se (ksi) E (103 ksi) p(Ib/in3) s.g. CTE (10-6 °F-1) v p
1060 A91060 (6] 10 4 43 19 7 3 10 0.098 2.705 13.1 0.33 04
1060 A91060 H12 12 11 16 23 8 4 10 0.098 2.705 13.1 0.33 0.3
1060 A91060 H14 14 13 12 26 9 5 10 0.098 2.705 13.1 0.33 0.3
1060 A91060 H16 16 15 8 30 10 6.5 10 0.098 2.705 13.1 0.33 0.3
1060 A91060 H18 19 18 6 35 11 6.5 10 0.098 2.705 13.1 0.33 0.3
5254 A95254 (6] 33 13 22 60 19 17 10.2 0.096 2.66 13.3 0.33 04
5254 A95254 H32 40 29 13 73 23 18 10.2 0.096 2.66 13.3 0.33 0.3
5254 A95254 H34 43 32 12 78 25 19 10.2 0.096 2.66 13.3 0.33 0.3
5254 A95254 H36 46 35 11 82 27 20 10.2 0.096 2.66 13.3 0.33 0.3
5254 A95254 H38 50 39 10 88 29 21 10.2 0.096 2.66 13.3 0.33 0.3
5254 A95254 H112 34 13 62 20 17 10.2 0.096 2.66 13.3 0.33 0.3
6061 A96061 (6] 18 8 25 30 12 6 10 0.098 2.7 131 0.33 0.3
6061 A96061 T1 22 13 20 40 14 7 10 - - - - -
6061 A96061 T4, T451 35 21 22 65 24 14 10 0.098 2.7 13.1 0.33 0.3
6061 A96061 T51 42 35 11 80 25 14 10 - - - - -
6061 A96061  T6, T651 45 40 12 95 30 14 10 0.098 2.7 13.1 0.33 0.3
Alloy UNS no. temper corrosion resistance cold workability machinability weldability resistance and spot weldability extrudability

1060 A91060 O Excellent Excellent Unacceptable Excellent Very Good Excellent
1060 A91060 H12 Excellent Excellent Unacceptable Excellent Excellent Excellent
1060 A91060 Hi14 Excellent Excellent Borderline Excellent Excellent Excellent
1060 A91060 H16 Excellent Very Good Borderline Excellent Excellent Excellent
1060 A91060 Hi18 Excellent Very Good Borderline Excellent Excellent Excellent
5254 A95254 (0] Excellent Excellent Borderline Excellent Very Good Very Good
5254 A95254 H32 Excellent Very Good Borderline Excellent Excellent Very Good
5254 A95254 H34 Excellent Very Good Fair Excellent Excellent Very Good
5254 A95254 H36 Excellent Fair Fair Excellent Excellent Very Good
5254 A95254 H38 Excellent Fair Fair Excellent Excellent Very Good
5254 A95254 H112 Excellent Very Good Fair Excellent Excellent Very Good
6061 A96061 (0] Very Good Excellent Borderline Excellent Very Good Very Good
6061 A96061 T1 Very Good Very Good Fair Excellent Excellent Very Good
6061 A96061 T4, T451 Very Good Very Good Fair Excellent Excellent Very Good
6061 A96061 T51 Fair Very Good Fair Excellent Excellent Very Good
6061 A96061  T6, T651 Very Good Very Good Fair Excellent Excellent Excellent
Stainless Steel Alloys

material name  p(lb/in3) G (ksi) CTE (10-6 °F-1) E (ksi) UTS (psi) YTS (psi) elongation at break (%) BHN
304L Stainless Steel ~ 0.28902 10.4 27992.3 - 29007.5 81801.3 30457.9 58
316 Stainless Steel 0.28902 9.72 27992.3 89923.4 60190.7 45 190
347 Stainless Steel 0.28902 11167.9 10.4 28282.4 100076 65267 40 212
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Material candidates for oxidizer type 4 COPYV liner

Acceptable liner materials for Type 4 COPVs must be considered as well. Mechanical
properties for tank manufacturing is a primary concern and eliminator of chemically
compatible materials. Viton® can be eliminated due to its low elastic modulus and
high elasticity (it is a rubbery material). While it may be a useful material for O-rings
which may show promise should expansion joints be needed, it is not suitable for a rigid
tank liner. The remaining polymeric materials are have a Tg much higher than Viton®
and are rigid at room temperature.

To select viable materials the manufacturing processes used to make the liners must
be taken into consideration along a given the materials properties. Given the geometry
of a pressure vessel, the methods for producing a type 4 COPV liner include rotomolding,
blow molding, and welding [2I]. rotomolding and blow molding offer a seamless liner
and allow easy integration of a metallic boss to connect to the rest of the propellant
feed system. Welding by virtue of the process creates seams where the welds have been
made which may act as source or imperfections.

Due to the expensive tooling required for rotomolding and blow molding this an
unrealistic option for one off specialty parts. Therefore welding is the most realistic
manufacturing technique for the project scope. To ensure a decent level of cylindricity
throughout the length of the liner it would be optimal to use an extruded pipe section as
the cylindrical section of the liner. PVC is commonly produced in large diameter pipe
for ducting and can be easily thermoformed and welded. Additionally, PVC is a class A
material within the previously defined scale [I7]. These traits make PVC the best liner
material option for a type 4 oxidizer COPV within the constraints of this project.

Fuel tank liner material selection

The fuel to be used in the launch vehicle, RP-1, is a highly refined kerosene which has
been designed to increase combustion efficiency and reduce production of soot compared
with jet fuel or less refined kerosene [22, 23]. Additionally, like HTP, RP-1 has the
benefit that it is liquid at room temperature eliminating the need for cryogenic storage
considerations. Because RP-1 is simply a highly refined kerosene, and literature specific
to RP-1 material compatibility is sparse and primarily related to elastomers, material
compatibility with kerosene in general will be examined rather RP-1. According to
the chemical compatibility database offered by Davis Instruments, a subsidiary of Cole-
Parmer [24], the following materials exhibit compatibility of type A or B as required by
specification:

e Acetal (Delrin®) e Carbon steel e ChemRaz (FFKM)
e Aluminum e Carpenter 20 o Kalrez®

e Stainless Steel e Cast iron o Kel-F®

e Brass e Nitrile e Neoprene

e Bronze e Ceramic AI203 e Polypropylene

e Carbon graphite e Ceramic magnet e Polyurethane
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e PPS (Ryton®) e PVC e Titanium

e PTFE e PVDF (Kynar®) e Viton®

These materials can then be separeted into the following classifications:

Metals Ceramics Polymers

e Aluminum e Ceramic Al203 e Acetal (Delrjn®)

e Stainless Steel e Ceramic magnet e Nitrile

e Brass e ChemRaz® (FFKM)
e Bronze o Kalrez®

e Carbon steel o Kel-F®

e Carpenter 20 e Neoprene

e Cast iron e Polypropylene

e Titanium e Polyurethane

e PPS (Ryton®)
e PTFE

e PVC

e PVDF (Kynar®)
e Viton®

Similar to the oxidizer liner materials, ceramics can be dismissed due to their low fracture
toughness and low specific tensile strength. This leaves metals and polymers as possible
liner materials.

Material candidates for fuel type 3 COPYV liner

Metals which exhibit low specific strength or an inability to be formed into thin walled
structures such as cast iron or bronze can be disregarded for this application. Additionally
carpenter 20, brass, and titanium can be dismissed due to their high cost in comparison
to other viable options. Carbon steel can be eliminated due to its susceptibility to oxidize
without surface treatment which could cause contamination of the stored propellant or
destructive interference with other parts of the plumbing or engine. Similarly to the
HTP liner, this leaves aluminum and stainless steel alloys as the most viable candidates
for the application.

Kerosene is generally considered a non-corrosive material with low volatility [25]
meaning that Kerosene should be compatible with the majority of alloys for both Al
and SS; However in the interest of thoroughness the following alloys are confirmed to
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be safe for use with kerosene, and material design inquiry outside of the below listed
materials require specific research to ensure compatibility. All material options with
an asterisk(*) have been tested with JP8, a kerosene base jet propellant, but not pure
kerosene.

Table 2.4: RP-1 compatible metal liner materials

(a) Compatible aluminum alloys (b) Compatible stainless steel alloys
Aluminum Stainless Steel
Alloy | Class | Source Alloy | Class | Source
5052 | A* [26] 304 A [24]
7075 | A* [26] 316 A [24]
6061 | A* [26] 347 A* [26]

Material candidates for fuel type 4 COPV liner

As with the HTP tank liner, elastomeric materials should be dismissed from consideration
including nitrile, ChemRaz®, neoprene, and Kalrez®. Additionally due to limitations
on roto and blow molding capabilities as previously expressed, only extrudable, thermo-
formable, and weldable materials which come in pipe sections will be considered. This
leaves PPS and PVC as viable options for type 4 fuel COPV liners.

Pressurant tank liner material candidates

The pressurant for the rocket is currently planned to be nitrogen (N2), a fairly inert gas.
Because these N2 is non-reactive with most structural materials, liner selection for the
pressurant tank will be highly dependent on cost and manufacturability rather than
chemical compatibility. Therefore, it will be noted that at operating temperature all
previously considered structural materials are compatible with nitrogen. Before a final
design decision is made the material candidates most likely for use should be checked
for compatibility with N2 at expected operating temperatures.

2.2.3 Tanks shall maintain pressure at MEOP

According to the previously cited report by Chang et al. “leak testing should be
performed after proof-pressure test[ing]. During the leak check the pressure should be
maintained at MEOP for 30 minutes minimum” [I0]. For the purposes of LRL testing
should occur over a period of time equal to the time the launch vehicle is expected to be
pressurized on the pad plus the expected flight time or 30 minutes, whichever is longer.

A faulty gauge could result in the disqualification of a tank that actually should pass
inspection. Because of this all gauges used to test must be checked against standards
to ensure their reliability. Additionally gauges with a tolerance of value insignificant
to functional performance must be used. tanks should also be over pressurized with
relation to the required limit for flight, ideally to failure. However, as testing to failure
is likely not within the LRL budget, a pressurization of 1.1 - M EOP should ensure tank
viability in the event of slight over-pressurization.
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2.2.4 Tanks shall function under in-flight loading conditions

Flight dynamics provide a wide array of loading conditions which must be considered for
system design. A 2016 report by Newlands et al. at Aspire Space gives an overview of
these forces and provides equations for modeling [27]. In the report they discuss inertial
loads, axial loads, and gust loads. Newlands et. al. opt to avoid discussion of slosh
loads in the article.

Newlands et al. explain that inertial loads are caused by mass resisting acceleration
[27]. These inertial loads are governed by Newtons third law F' = ma. This can be
applied locally to a particular mass component of the rocket using the formulation
F = Miocal * giobar Where agiopg = XF/Xm [27]. If applied off axis, these local inertial
loads can cause bending of the rocket resulting in bending loads on the tanks. Bending
loads are also possible with side loads such as uneven lift on different surfaces of the
rocket.

Because the COPVs are pressurized during their functional state causing them to
be relatively rigid entities, primary loading concerns for the COPVs are in the axial
direction rather than side loading. That is to say inertial loads caused by mass above
an entity in the thrust direction are the biggest concern. These loads will show up
in the COPVs as compression caused by the acceleration of the rocket and the mass
above the integral section of the COPV being examined. Inertial loads will change in
magnitude throughout the flight as propellant is consumed. Once a dynamic model
has been created for the rockets flight it will be important to determine the maximum
inertial load on the COPVs.

Other axial loads include drag, thrust, and internal pressure. Newlands et al. state
that these forces can be summed using equation where T is thrust, S is loaded area,
and AP is the difference in pressure inside and outside of a pressurized entity [27]. The
report notes that continuous loads such as skin drag and mass should be treated as an
integral.

z

A(Z) =-T+ Dnose + Dfuselage + Dbase + SAP + a; Z (24)
z=0

COPVs shall exhibit a safety factor of 1.426 for in flight loads

The report gives a suggested safety factor of 1.5. It seems to be a safe assumption that
the 1.426 safety factor as determined by probability of failure analysis earlier on can be
applied to this case as well. Newlands et al. suggestion of 1.5 came from its common
use in civil engineering and implied that it was pulled out of thin air to some degree.
[27]. After a dynamic model is created and more of the rocket is modeled, the COPVs
should be simulated to meet this requirement.
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2.3 Objective Specifications

2.3.1 Composite components should meet standards for fiber
volume fraction

Fiber volume fraction of a composite (V) describes the volumetric proportion of fiber to
the composite as a whole. Fiber volume fraction is an important metric of the composites
viability because the composites properties are a direct result of the composition of its
constituents. Fiber reinforced composites are developed such that the matrix distributes
loading to the fibers. If there is a low fiber volume fraction that means there is less
reinforcement to distribute load to placing more load on each fiber and generally creating
a weaker composite. Because fibers are generally circular in cross section they have a
maximum packing density below 100%.

For hexagonally packed fibers the maximum packing density is 0.9068 [28]. However,
because fibers are not completely uniform this value is virtually unattainable which is
actually a good thing. Because fibers must have matrix surrounding them to distribute
the load, if fibers were perfectly packed there would be stress concentrations along the
points of contact between the fibers. Additionally perfect packing would inhibit proper
fiber wet-out which would increase void content within the composite.

In terms of fiber volume fraction the objective it to achieve as high as possible
while promoting full wet-out. Filament winding processes typical draw tows (bundles of
aligned fibers) through a resin bath before they are wound around a mandrel. As they
leave the resin bath, tows often pass through dies or combs to remove large amounts
of excess resin. The tension within the winding tow offers compaction for the fibers
beneath which causes excess resin to seep out to the surface where it is then scraped off.
This is the process used by Blue Force Technologies.

Another less common form of filament winding that is used for higher tolerance parts
uses prepreg or fibers pre-impregnated with resin. Because the prepreg tows (towpreg)
have a high fiber volume fraction and near full wetout, use of this process prevents
excess resin in the part. However use of towpreg often requires use of an autoclave
making it an unlikely candidate for this project.

Overwrap shall posses a fiber volume fraction > 60%

On June 29*" 2020, LRL structures engineers made a visit to Blue Force Technologies to
discuss their manufacturing capabilities. It was determined during the visit that Blue
Force Technologies offers filament winding capability sufficient to wrap the tanks for
this project. The tour guide Isaac Aspey explained that they have previously wrapped
COPVs for other spacecraft such as the Virgin Galactic Spacecraft.

Isaac, who has extensive experience working with the filament winder at Blue Force
stated that their system can repeatably produce parts with a fiber volume fractions of
60%-65%. Given the application, a volume fraction of less than 60% would simply be
wasted weight on the rocket. Checking with the COPV analysis Matlab scripts in the
code appendix, use of a fiber volume fraction of 60% seems to work well. It offers a wide
safety zone for variance allowing volume fraction to go as low as 48% without the need
for additional lamina.

26



2.4 COPYV Specifications - Tabular

Req. Req. Type Specification Limits Units
. Tanks shall operate as Propellant = 1000 .
MEOP | Constraint designed at MEOP Pressurant = 6000 bsl
. Tanks shall meet or deceed Propellant = 260
Mass Constraint mass budget Pressurant = 140 {bm
Mass .
) Tanks shall accommodate myrp = 4.67 k
Flow Constraint . uz)
Rate adequate propellant flow rate mpp_1 = 0.67 s
Tanks shall possess factor of
safety based on probability of
FoS Constraint failure analysis with 1.426 x MEOP psi
probability of survival >
0.999
. Propellant COPV s.shall HTP — 410.49
Volume | Constraint | possess capacity sufficient for L
. RP-1 = 32.99
a karman line shot
. Pressurant.COPV shall Vol. — 63.00 @
Volume | Constraint | possess capacity sufficient for . L
. 6000 psi
a karman line shot
Tanks shall withstand
Load Functional loading of parachute Tensile load = 3195 | Ibf
deployment
Tanks internal features must
Material | Functional be compatible with stored AorB Class
compounds
Pressure Functional Tanks shall maintain Py— Pr < s
loss pressure at MEOP gauge tolerance b
Dynamic . Tanks shall function under .
loads Functional in-flight loading conditions 1426 x Max Load pst
Fiber Composite components
Volume Objective should meet standards for Vi > 55 %
fraction fiber volume fraction
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Trade Studies

3.1 Propellant Tank Configurations

Tank configuration is one of the largest design decisions for the propellant COPV system.
With implications on weight, manufacturability, plumbing integration, material selection,
and overall system geometry, the decision of tank configuration will impact all future
decisions made in the design process. The objective of this trade study is to determine
the best propellant tank configuration for the suborbital pressure fed rocket specified.
The two configurations which will be examined are a common bulkhead design and
individual propellant tanks. This trade study will consider advantages and disadvantages
of common bulkhead and individual tank systems. Through literature review and
systematic decision making this trade study will result in a selected configuration for
the rockets propellant tanks with full justification.

3.1.1 Common bulkhead design

As shown in figure [3.1, a common bulkhead pro-
pellant tank design uses a single diaphragm, or
bulkhead which separates the fuel and oxidizer.
Common bulkhead tank designs are often an ap-
pealing option for upper stage or payload propellant
storage. The elimination of two end caps in favor
of one bulkhead offers substantial material savings
(7 é:;\] in addition to reducing the height when compared
" with two individual tanks. Notable launch vehicles
that employ common bulkhead propellant tanks
in their first stage include: Falcon9 [29], Vulcan
Centaur [30], and New Glenn [31].

This weight reduction and effective shortening
make the common bulkhead design so appealing for
upper stages or payloads because these stages are
often more stout. This stout geometry is commonly
due to more balanced propellant ratios, thinner
atmosphere providing less drag. For satellites or
other deep payload shots, the ability to use gravity
Figure 3.1: Common bulkhead gradient stabilization or an otherwise weakened
propellant COPV gravitational force and a lack of dynamic pressure
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allow for geometries which would conventionally be considered unstable. However the
for the application of a single stage suborbital pressure fed system, weight reduction
and stack shortening can be utilized for mass efficiency and to abide by aerodynamic
geometric constraints.

Because the intention of a common bulkhead is to reduce weight, the bulkhead must
be designed with mass efficiency. This mass efficiency may result in thin sections which
would likely rely on the pressure differential between the HTP and the RP-1 tanks
remaining relatively small. This low pressure differential would allow the separated tanks
pressure to maintain a quasi-equilibrium stress state across the bulkhead. Despite this,
the shared bulkhead must be designed to encounter a pressure differential of considerable
magnitude to maintain safety in the event of a pressure regulation mishap.

An additional consideration is that the bulkhead must be made of a material such
that it is chemically comparable with both HTP and RP-1. This requires that the liner
be made from a material that is not only effective as a liner but is also effective as a
standalone structural material. Additionally the tank material but be process-able such
that it can be welded or crimped with the other tank half to ensure that it remains
pressure tight.

3.1.2 Common bulkhead advantages

lightweight: As previously mentioned the common bulkhead design offers substantial
weight savings over individual tanks by eliminating two tank heads and replacing them
with a single bulkhead. In a study performed by Dr. Steven S. Pietrobon, earth departure
stage (EDS) masses excluding engine mass were compared [32]. This comparison found
that the best fit line for dry EDS mass (ms)as a function of propellant mass (m,,) for all
tank designs, both common bulkhead and individual, was given by equation 3.1 [32].

ms = 0.19m) % (3.1)

For comparison, dry EDS mass as a function of propellant mass for only common
bulkhead design EDSs was given by equation 3.2 [32].

ms = 0.1583m) %% (3.2)

Though these are models based on a wide range of historical stages, the trend illustrates
the potential weight savings of a common bulkhead design. Using this model, based on
current propellant mass estimates for the launch vehicle, a common bulkhead design
would be approximately 16.7% lighter.

Shorter stack capabilities: Use of a common bulkhead offers capability for a shorter
stack. This creates greater flexibility for design optimization between aerodynamic and
weight considerations. This is not to say that a shorter stack is necessarily beneficial,
only that the flexibility that allows for a shorter stack should it aid with dynamic
considerations has the opportunity to be beneficial. By the definition of volume,
capability for a shorter stack is also capability for a stack of the same height with a
smaller external radius. A smaller radius means less cross sectional and surface area. It
is this reduction in drag area which is most likely to be beneficial.
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Less interfaces: Use of common bulkhead propellant tanks requires two fewer inter-
faces for integration. Where use of individual tanks would require an airframe section
between the two tanks, use of a common bulkhead would eliminate this allowing for a
continuous tank section with which only needs integration at the top and bottom of the
tank.

3.1.3 Common bulkhead disadvantages

Non-disassemblable: A notable disadvantage of the common bulkhead design from
an interchangeability perspective is that if one of the two tanks has an irreparable issue,
both tanks must be discarded. This poses a financial liability to Liquid Rocketry Lab.
As a prototype launch vehicle, it is not unlikely that something will go wrong. Though
a common bulkhead tank may save cost during winding, the common tank system as a
whole would certainly cost more than either individual tank. Additionally, inter-tank
internal plumbing would have to be affixed permanently during liner construction to
ensure no leakage between HTP and RP-1 tanks creating another non-disassemblable
architecture.

Complex liner design: The complex design of the liner would require additional
seams and additional components which would act as opportunities for defects. This also
creates a more challenging problem for plumbing integration. Internal piping between
tanks would have to be welded into the system during liner construction to ensure a
proper seal at the bulkhead. This may creates problems for tank maintenance. Another
complexity that exists in this design is the necessity for relative pressure equalization
across the bulkhead. This requirement would be easy to plan for from an avionics and
propulsion perspective, but would have potential for catastrophic failure should the feed
system malfunction.

Probability for catastrophic failure: In the unlikely event that the bulkhead were
to leak, burst, or fracture, the HTP and RP-1 would combined creating the opportunity
for a near perfect stoichiometric mix between fuel and oxidizer. Should this event arise,
if there were to be a spark or fire, there is potential for a maximum energy explosion to
occur. This is the worst case scenario. Although LRL has countermeasures in place to
keep all personnel safe in the event of a maximum energy explosion, a failure of this
type would destroy all launch vehicle hardware rendering it useless for future launch
attempts.

3.1.4 Common bulkhead systems integration impact

Airframe Integration: As previously noted, use of a common bulkhead design would
eliminate the need for an airframe section which would exist between two individual
tanks. This would eliminate the development of another component which could act as
an opportunity for a defects or design flaws. The same interface design could be used on
both ends of the common bulkhead tank requiring the design of only one interface type.
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Plumbing Integration: If plumbing must be routed through the tank, this would
require a series of complex internal features. This challenge would become increasingly
complex when the tanks strain during pressurization and the required nuances to account
for that deformation. Things such as expansion joints would become more complex as
leakage between the two propellant sections could cause catastrophic failure.

3.1.5 individual propellant tanks

As shown in figure [3.2] an individual propellant
tank design has completely separate fuel and ox-
idizer tanks. Due to its simplicity individual pro-
pellant tanks are commonly used by amateur and
professional liquid rocket manufactures alike. No-
table systems that have used individual propellant
tanks in their first stages include: Saturn V [33],
Atlas V [30], and SLS [34]. Because of the relative
simplicity most early liquid propellant rockets used
individual bulkhead designs including the very first
liquid propellant rocket created by Robert God-
dard in 1926 [35]. Additionally, individual tanks
fnavewsi ke | gre almost exclusivity used in hypergolic systems
due to the danger presented by close proximity of
the constituents.

The use of individual propellant tanks naturally
makes the stack taller as the height of an additional
two tank heads must be accounted for. This adjust-
ment in height is neither a positive nor a negative
but must be taken into consideration when choos-
Figure 3.2: Individual tank ing as it is likely to have an effect on the systems
propellant COPVs aerodynamics. By using two completely separate

tanks rather than a common bulkhead design, the
stack becomes more modular. Modularity in prototype systems is often enticing as
it allows for adaptations and iterations to be performed selectively as it is by nature
designed for disassembly.

3.1.6 Individual tank advantages

Disassembly: An individual propellant tank design allows for disassembly to a greater
degree than a common bulkhead design. Not only can the two parts of the tanks be
separated and worked on separately, but the plumbing required for each of the two
tanks would also be easier to disassemble as it would not necessarily be trapped within
the tank. Ease of disassembly provides benefits for transportation, cleaning, repair,
inspection, and testing.
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Ease of manufacturing: Manufacturing of individual propellant tanks would be
simpler because each tank could be manufactured as its own unit. With the need
for internal systems such as slosh mitigation mechanisms and diffusers, tanks can be
created one at a time. Additionally, poor manufacturing of one will not effect the
performance or viability of the other. Though the stack could potentially be shorter
with a common bulkhead design, a common bulkhead tank would be taller than either
one of the individual tanks on their own. This has the potential to pose an issue with
manufacturing should the common bulkhead tank be longer than is manufacturable on
the filament winder LRL has access to.

Ease of design: Designing individual tanks would be simpler from the standpoint
of validation. Setting up both FEA and CFD analysis on individual tanks is less
complicated than with a common bulkhead design. With individual tanks there is no
need to test for the event of pressure imbalance between the tanks. Use of individual
tanks also eliminates the need for bulkhead design, and the same tank heads can be
used on both propellant tanks.

3.1.7 Individual tank disadvantages

Heavier: As noted in the common bulkhead advantages, a set of individual tanks
would be approximately 16.7% heavier than a common bulkhead design based upon
the model presented by Pietrobon [32]. Additionally use of the COPV analysis Matlab
scripts given in code appendices [6.1.1| and [6.1.2] gives a weight discrepancy estimate of
6.86 1b between the two designs. This estimate does not take into consideration the
bosses for plumbing connection at the ends of the COPVs or other internal features such
as diffusers or slosh mitigation mechanisms leading to a variance of only about 4%.

However, individual tanks require two more bosses than a common bulkhead design,
an additional airframe section, additional plumbing length, and additional fasteners.
Because of these considerations the analysis tool fails to account for, the estimate of 4%
which only considers the liner and overwrap weight contains significant error giving a
much smaller discrepancy than is accurate. Because of this, the assumption of 16.7%
given by the Pietrobon model will be used for judgment of this consideration.

Additional interfacing: In contrast to the common bulkhead design, use of two
tanks will require an additional airframe section between them. This airframe section
would have to be sufficiently rigid yet allow for tank expansion. This airframe section
would likely be a relatively complex assembly potentially requiring the bonding of metal
with fiber reinforced polymer composites. This presents opportunity for defects which
could effect the function of the system. Of course either design has its own challenges
and potential for introduction of error, however the requirement for this interface is a
notable consideration.

Taller stacking capability: Individual tanks would require an additional two tank
heads along with an additional airframe section while maintaining the same internal
volume. Therefore the minimum stack height for a given radius is necessarily taller for
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individual tanks than with a common bulkhead tank. This is not to say that a taller
stack is necessarily detrimental, only that the lack of flexibility may prevent a shorter
stack or a thinner rocket should it be needed to aid with dynamic considerations.

3.1.8 Individual tank systems integration impact

Airframe integration: As previously noted, use of individual tanks would require
the addition of an airframe section. This would require an additional two interfaces for
integration - each of the two tanks connecting to the airframe section. Addition of this
airframe section would require consideration to its weight contribution. It would also
require consideration for access to the plumbing between the two tanks. Integration at
the top and bottom of the tank section with the airframe would be the same as with a
common bulkhead design.

Plumbing integration: Use of individual tanks would make planning for integration
with the plumbing system much simpler. There would be less complicated compression
joint design required. Internal plumbing would be simplified and expansion joints could
be accessed easily for inspection or maintenance.

3.1.9 propellant tank configuration selection

Despite the notable benefits of a common bulkhead design, an individual tank design
will be wutilized in this design for this paper. Because the launch vehicle will be a
prototype system, the need for access, disassembly, modularity, and frequent inspection
make an individual tank system optimal. Use of individual tanks will simplify both
design and manufacturing of the system. Additionally the complexity around the
bulkhead of a common bulkhead tank, its increased probability for catastrophic failure,
as well as its added complexity for manufacturing would lend unacceptable levels of
uncertainty to the system.
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3.2 Tank Head Geometry

A COPYV can be split into a number of sections for the purpose of discussion. These
sections include the liner, overwrap, head, cylinder, and polar boss as labeled in figure
[I.I The objective of the tank head is to enclose the ends while distributing the stress
from the pressure into the material. Because PVs have many different applications, tank
heads are selected to best suit the specifications of a particular use. This section is a
discussion of various common tank head types and their applicability to the LRL launch
vehicle.

There are many different varieties of tank heads for all different uses. The following
three head designs discussed are some of the most commonly used designs, all of which
have their own advantages and disadvantages. The options have been narrowed to the
following three designs over others due to their applicability to the use case along with
their commercial availability.

Tank head geometry has most notable implications for tank weight, tank height, and
cost. Taller heads examined in this discussion require less material but result in a taller
stack. Conversely, shorter heads discussed allow for a shorter stack but require a thicker
head. This problem of determining weight becomes more difficult when considering
stresses within an anisotropic composite. Head geometry also has implications for polar
boss design as the boss must form an airtight seal with the head.

Integration impact: Selection of hemispherical tank heads will effect the design of
connecting airframe sections, overall stack height, as well as the design of and stress
distribution around the polar boss(es). For tanks with through piping, the tank head
will affect the length of the internal piping. Additionally, required laminate architecture
will effected due to the differences in stress distribution across different head types.

3.2.1 Hemispherical

A hemispherical tank head is one that sweeps 180
degrees with a single radius in the meridional di-
rection and a full 360 degrees in the equatorial
direction to form an enclosed cap. The radius of
the hemisphere is equal to the radius of the pressure
vessels cylinder section allowing for a smooth tran-
sition between the two sections of the tank. due
to its fully radiused cross section the hemispherical
design offers the most uniform stress distribution
Figure 3.3: Hemispherical tank [37, 38] Due to the largg amount of deformation
head design [36] requlre(?l to form the herplspherlcal geometry, man-
ufacturing of hemispherical heads can be difficult.

The difficulty of making hemispherical heads often makes them more expensive to
purchase [38] and sometimes requires a welded assembly rather than being formed from
a single sheet [37]. However when they are made from a single sheet of material, required
deformation for shaping results in hemispherical heads being thinnest tank heads [37].
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Despite being the thinnest they are able to withstand the same amount of pressure as
other designs due to their previously mentioned ability to evenly distribute stress [3§].

As shown in figure [3.3] hemispherical tank heads usually have a small region of right
cylinder at the base of the hemisphere. In this region the head transitions to match the
thickness of the tanks cylinder section. This prevents a mismatch in diameters from
occurring where the head meets the cylinder. Additionally, because most tank heads are
welded to their cylinders, this region acts as a spacer between the head and the cylinder
distancing the heat effected zone from the geometric transition.

3.2.2 Semi-Elliptical

Semi-elliptical or elliptical tanks have a non-circular
curve that sweeps 180 degrees in the meridonial
direction and a full 360 degrees in the equatorial
direction to form an enclosed cap. Traditionally
semi-elliptical heads are defined by their diameter
and the ratio between their major and minor radii
with 2:1 elliptical being the most common design
(Arc height = 1/4 tank diameter) [37]. As the curve
approaches the heads edges it tightens to become
tangent to the cylinder.

As with the the hemispherical head, the semi-
elliptical head has a right cylindrical section at the base of the curve to allow for a
transition region between the tanks head and cylinder. Moore and Tomlinson note that
semi-elliptical heads are commonly produced using “three radii that approximate an
ellipse - large in the crown, smallest at the outside diameter, with an intermediate radius
in the middle” [37]. This manufacturing method defers to code requiring a minimum
likeness of the combination of these radii to a true ellipse [37].

Because stress is less uniformly distributed across a semi-elliptical head than with a
hemispherical head, it requires thicker material to withstand the same amount of stress.
However because the overall depth of a semi-elliptical head is less than a hemispherical
head, it is easier to manufacture from a single piece of material. This makes the
semi-elliptical design cheaper to manufacture compared to a hemispherical head.

N —

ASME = ELLIPTICAL (21 RATIO)

Figure 3.4: ASME Code Semi-
Elliptical tank head design [39]

3.2.3 Torispherical

Often referred to as the flanged and dished design
in the United States, torispherical tank heads are
similar to semi-elliptical tank heads in the sense
3 that they are formed using a series of radii. Typ-
| ically the radius used to form the crown is larger
than its semi-elliptical counterpart, and the radius

acting as the transition to the cylinder (known as
Figure 3.5: ASME Code flanged the knuckle radius) is tigbter than' a semi-elliptical
and dished tank head design [40] [37]; Howgver as shown in Thattil et al. [41] the
crown radius can be relatively small or the knuckle

= 0.0
ASME CODE FLANGED AND DISHED
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radius can be relatively large compared with a semi-elliptical. As the crown and knuckle
radii converge to a common value, the head geometry converges to hemispherical.

The combination of a large crown radius and a tight knuckle radius results in a
shorter tank head which is usually the reason a Torispherical design would be selected
[37], but the tight knuckle radius results in higher concentrations of stress [37, [38]. To
combat the effects of stress concentration thicker material is required for the tank head
[37]. Due to practical manufacturing considerations the rounded section of the tank
head is made from a material of uniform thickness which results in additional material
across a large radius crown [37].

Because less deformation is required to form a shallow head, this makes manufactur-
ing from a single sheet relatively simple. Because the torispherical design only requires
two radii, tooling for this design is cheaper and easier to make. This combination of
manufacturing considerations mean that torispherical heads for low pressure applica-
tions are often cheaper than their previously mentioned counterparts [41] but become
uneconomical at higher pressures [38].

3.2.4 Tank head design selection

A 2015 article by Lawate et al. compares Hemispherical, Ellipsoidal, and Torispherical
heads. One of the first remarks made about the a hemispherical design is that “it is the
strongest shape; capable of resisting about twice the pressure of a torispherical head of
the same thickness” [38]. However Lawate et al. also note that the hemispherical design
is also the most expensive [38].

A 2017 study by Thattil and Pany analyzes the stress in both hemispherical and
torispherical tank heads under pressure. Contrary to the claim by Lawate et al. the two
designs investigate by Thattil et al. did not have remarkably different values, and in
some modes of stress for certain locations across the tank head the torispherical design
actually had lower stress [41]. It is important to note that the torispherical head studied
by Thattil et al. are much closer to hemispherical than the torispherical head studied
by Lawate et al.. Lawate et al. does not give an exact knuckle radius meaning that
their findings cannot be directly compared to Thattil et al.. However, the head height
to cylinder radius ratio for Lawate is 48:120 where the same ratio for Thattil et al. is
105:120 which gives some insight on how close each design is to hemispherical.

The semi-elliptical head used in the Lawate et al. study also has a head height
to cylinder radius ratio of 48:120. Interestingly Lawate et al. found that max von
mises stress was approximately 30% lower in the torispherical tank compared to the
semi-elliptical tank [38]. From these findings Lawate et al. concluded that use of a
torispherical design is preferable to a semi-elliptical design when selecting a low tank
head geometry [38]. However, to reiterate, the torispherical head used by Lawate et al.
use large radii which is fairly uncommon when considering a torispherical design.

In a study performed by Brundrett [42], the three tank head designs were considered
for conventional all metal pressure vessels. This study was used as the basis for discussion
by pressure vessel engineers Moore and Tomlinson [37]. It was found that for a given
pressure, a 2:1 semi-elliptical design was able to use a safe operating thickness 55%
thinner than a torispherical design indicating potentially substantial weight savings with
a semi-elliptical as compared with a torispherical. That said, in Brundrett’s study, the
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more common configuration of a large crown radius a small knuckle radius was used for
the torispherical tank. [37, [42].

The stark contrast in findings by Brundrett and Lawate expose the degree to which
changes in knuckle and crown radii affect resulting stress. In a Chemical Engineering
Magazine article, the author, a professional engineer with 15 years experience working
with ASME code pressure vessels stated that “the decision of whether to specify and
use a torispherical head versus an ellipsoidal head is mainly an issue of head clearance’
[43]. With two conflicting studies and a professional statement largely dismissive of
the findings for both studies it is safe to say that should a shorter stack be required,
selection of either a torispherical or a semi-elliptical head type would require further
investigation.

The one thing that all sources agree upon is that a hemispherical design is the best
at distributing stress. Lawate et al. found that the hemispherical head studied exhibited
on approximately 60% less maximum stress than the torispherical head and 72% lower
maximum less stress than the semi-elliptical head [38]. Additionally the Lawate et al.
“observed [maximum deformations] in elliptical and torispherical heads ... 9.26 times
(826.83% more) and 9 times (801.96% more) respectively as compared to deformation
in [the] hemispherical head” [38]. The studies performed by Brundrett and Thatti et
al. (albeit to differing degrees) also found that a hemispherical design outperforms the
other designs both in required thickness and maximum Von Mises stresses.

)

Outcome: Due to its remarkable performance along with its lack of confounding
findings, a hemaspherical tank head design will be utilized for all three pressure
vessels in this study. Should future considerations require a shorter stack, a deeper
comparison between and modeled analysis of semi-elliptical and torispherical tanks
should be performed. It should also be noted that because the composite is bearing
the majority of the load, not the liner, use of a hemispherical head requires no special
considerations while filament winding. Because stresses will be distributed evenly, no
additional material should required at any particular region of the tank head. However
fiber orientation will be a concern with all head designs because the fiber orientation
will change with respect to its original global axis as it moves from the cylinder to the
head.
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3.3 Material Options

3.3.1 Liner option evaluations

In the liner material compatibility specification, liner materials were narrowed to
compatible options. This trade study will evaluate the advantages and disadvantages of
each option with respect to the application.

3.3.2 Oxidizer COPYV liner option evaluation

The below options have been selected as suitable materials for their HTP compatibility
and practicality for COPV liner manufacturing. They have been split into categories
based on their generalized materials. The following discussion assesses the validity of
each material individually for the given use case. After discussion the options will be
compared and a recommendation will be made for oxidizer tank liner material. For all
metal gauge thicknesses discussed the American Standard Gauge system will be used;
Otherwise nominal thickness in inches will be used.

Aluminum Stainless Polymers
e 5254 e 304 e PVC
e 6061 e 316 e CPVC
o 347

Oxidizer COPYV liner discussion

Based upon the specification that all materials must have class A or B compatibility
with the stored material, all of the selection options are viable. The discussion then
leads to evaluation of material processability, integration considerations, and material
property concerns.

Aluminum: Given that 5254 aluminum is relatively uncommon and is difficult to
find in thin sheet stock, 6061 is the best candidate for an aluminum liner. Aluminum
sheet stock is sold in thicknesses designated both by gauge and by nominal thickness.
Because the liners primary purpose is to act as a chemical barrier and as a mandrel for
winding rather than as a structural component, thin material is sufficient. Cylinders
can be formed by rolling sheet metal, and tank heads heads are commercially available
in aluminum in thicknesses of 18 ga. and thicker. Aluminum sheet is available from
Alro Steel to be used for an oxidizer cylinder in thicknesses of 18 ga. and thicker. Due
to required length of the oxidizer cylinder, there will likely be both longitudinal and
hoop weld seams if standard sheet metal is used. Another potential option would be to
purchase a roll of sheet aluminum which could be used to manufacture a cylinder with
only one weld seam along its length.
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Processability: The primary processing concern for thin aluminum is its ability
to be welded. Punch through is a common issue for non-backed aluminum welds, so
welding must be completed by a trained professional or with an automated system.
Despite this difficulty aluminum is otherwise highly processable both in terms of sheet
metal forming and machining. Any precision cutting that needs to be done on aluminum
should probably be accomplished by means of a water jet as similar issues as seen with
welding arise when plasma cutting thin aluminum.

Integration considerations: According to LRL Vice President of Propulsion
William Hitchcock, stainless steel tubing will be the primary plumbing within the
flight vehicle. Should aluminum be selected as the liner material, dissimilar metals will
have to meet at some point within the system. Though this is certainly possible, the
decision about where this joint will occur is critical as stainless steel and aluminum
act substantially different under load. The other consideration for integration is the
material selected for slosh mitigation mechanisms. These mechanisms will be made
from the same material as the slosh mitigation system will act as a skeleton for the thin
walled liner.

Material properties: The following table shows typical mechanical properties for
6061-T6 aluminum [44]. None of the mechanical properties are particularly concerning,
but one important strength that aluminum offers is in its density. With a density
of 0.0975 [b/in® aluminum offers high specific strength, unmatched by stainless steel.
Aluminum offers the benefit of potentially substantial weight savings compared to
stainless steel. Using the COPV analysis script shown in appendix [6.1.1] it is estimated
that an aluminum oxidizer liner made from 18 ga. material would weigh just 33.07 1b.

Property Value Unit
Density 0.0975 Ib/in?
Tensile Yield Strength 40000 psi
Elongation at Break 12 %
Modulus of Elasticity 10000 ksi
Poisson’s Ratio 0.33 1
Fatigue Strength 14000 psi
6061-T6 aluminum mechanical properties. For full properties see

http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MA6061T6[44].

Stainless steel: Of the stainless steels that meet the criteria for compatibility, 304
and 316 are the most common varieties. Of these two alloys 304 is typically cheaper
but 316 has slightly better properties. However, because the liner is designed as a non-
structural component, the cost effectiveness of 304 outweighs the mechanical benefits of
316. Because of this, 304 will be the primary stainless steel investigated. Stainless steel
tank heads are commercially available in thicknesses of 18 ga. and thicker. The same
can be said for stainless steel sheet metal which is available from Alro steel.
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Processability: for the needs of the application stainless steel is highly processable.
It is easily weldable and does not face punch through issues to near the extent seen
from sheet aluminum. Because of this in addition to water jetting precision sheet metal
cutting for stainless steels can be done using a plasma jet cutter. Additionally stainless
can be sheet metal formed and machined.

Integration considerations: Because most of the plumbing to be done within
the flight vehicle is currently planed to use stainless steel, joints between the liner and
the plumbing can be welded rather than threaded. Although there will likely be threaded
sections to allow for disassembly, the ability to weld plumbing directly to the liner gives
more flexibility as to where threaded sections can go.

Material properties: The following table shows typical mechanical properties for
304 stainless steel [45]. The only property that raises concern is the materials density.
With a density of 0.289 [b/in? stainless steel is close to three times as heavy as aluminum
per unit volume. Traditionally stainless steel is used in rockets which use cryogenic
propellants because austenitic stainless steels (such as 300 series) possess a face centered
cubic unit cell structure. This cell structure prevents the material from having a ductile
to brittle transition temperature meaning that the material exhibits relatively consistent
elastic properties at low temperatures. However, because the propellant system used in
the launch vehicle is non-cryogenic, this is not a benefit.

Though the elongation at break stainless exhibits is substantially higher than alu-
minum, the liner will not undergo considerable strain due to the high modulus of the
overwrap. This means that excessive elongation at break does not act as a benefit either.
Using the COPV analysis script in appendix [6.1.1] it is estimated that an stainless steel
oxidizer liner made from 18 ga. material would weigh 98.02 1b.

Property Value Unit
Density 0.289 Ib/in?
Tensile Yield Strength 31200 psi
Elongation at Break 70 %
Modulus of Elasticity 10000 ksi
Poisson’s Ratio 0.29 1
304 stainless steel mechanical properties. For full properties see

http://asm.matweb.com /search/SpecificMaterial.asp?”bassnum=MQ304A [45].

Polymer: PVC and CPVC are the two liner materials compatible with HTP which
also possess the mechanical properties to act as a mandrel for filament winding. They
also offer processability which make them applicable to act as liners for the launch
vehicle. PVC and CPVC are very similar materials, however it is more common to find
thin walled extrusions of PVC which would most likely act as the cylinder for the liner.
Because of this PVC will be the primary polymer considered. Thin walled extrusions of

the diameter likely to be required (6 inches plus) commonly have a wall thickness of
0.176 inches.
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Processability: PVC is a highly processable material and could easily be welded
with other PVC to create an air tight liner. Additionally, PVC is thermoformable
meaning that if not commercially available a PVC tank head could be formed with
relative ease. PVC is also machinable, which means because of its relative thickness,
precision cutting can be done using a CNC milling machine. Precision cutting can also
be completed with the use of a water jet.

Integration considerations: Integration is likely the largest downside for a PVC
liner. Because the primary plumbing within the rocket will be made from stainless steel,
integrating the liner with the plumbing would be a challenging task. Because PVC is so
soft in comparison to stainless steel, threading in the PVC would easily strip. Also the
PVC may deform under pressure. Additionally, though possible by work arounds such
as external manufacturing, implementing a slosh mitigation system within the tank may
prove difficult with a PVC liner.

Material properties: The following table shows typical mechanical properties
for rigid PVC [46]. As can be seen, mechanical properties for PVC are substantially
lower than both stainless steel and aluminum. Both modulus and tensile strength raise
some concern as their values are very low. In fact the thin walled extrusions of PVC are
intended for air ducts, not to be pressurized. These low properties may be sufficient
provided a high modulus, high strength overwrap; However they do raise some alarms.

What makes PVC a desirable candidate is its low density. With less than half the
density of aluminum and less dense than stainless by nearly a factor of six, PVC is
undoubtedly the lightest material in consideration. Using the COPV analysis tool shown
in appendix it is estimated that a PVC oxidizer liner made from 0.176 inch thick
material would weigh 76.87 lb.

Property Value Unit
Density 0.0488 Ib/in?
Tensile Yield Strength 5802 psi
Elongation at Break 40 %
Modulus of Elasticity 435 ksi
Poisson’s Ratio 0.4 1
Rigid PVC mechanical properties. For full properties see

https://polymerdatabase.com/Commercial%20Polymers/PVC.html [46].

3.3.3 Oxidizer COPYV liner material selection

Due to its low density, high processability, low cost, and decent mechanical proper-
ties, aluminum is the best candidate for use as an oxidizer liner. Therefore a 6061
aluminum oxidizer COPV liner will be utilized in the design for this paper.
Although welding of thin aluminum is difficult, it has been widely demonstrated as
possible and can be done consistently with the use of an automated welding process.
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3.3.4 Fuel COPYV liner option evaluation

The below options have been selected as suitable materials for their RP-1 compatibility
and practicality for COPV liner manufacturing. They have been split into categories
based on their generalized materials. The following discussion assesses the viability of
each material individually for the given use case. After discussion the options will be
compared and a recommendation will be made for fuel tank material selection.

Aluminum Stainless Polymers
e 5052 e 304 e PPS
e 6061 e 316 e PVC
e 7075 o 347

Fuel COPYV liner discussion

As can be seen, the above list of materials for the fuel liner closely resembles that of the
oxidizer liner material options. For aluminum 6061 is the most common of the alloys
listed and is sufficient in mechanical properties for the application. For this reason 6061
will be the aluminum of choice for fuel COPV liner consideration. The stainless steel
options are identical to those discussed in the oxidizer discussion for that reason 304
will be the stainless steel of choice for fuel COPYV liner consideration. Similarly the of
the polymers, PPS is more costly, less available, and offers little mechanical variance
when compared with PVC. Because of this PVC will be the polymer of choice for fuel
COPYV liner consideration.

3.3.5 Fuel COPYV liner material selection

Because the fuel tank will be subjected to the same manufacturing methods and similar
loading as the oxidizer tank, the same conclusion can be drawn without re-evaluation.
Due to its low density, relatively high processability, low cost, and decent mechanical
properties, aluminum is the best candidate for use as an fuel liner. Therefore a 6061
aluminum fuel COPYV liner will be utilized in the design for this paper. Although
welding of thin aluminum is difficult, it has been widely demonstrated as possible and
can be done consistently with the use of an automated welding process.

3.3.6 Pressurant COPYV liner option evaluation

As noted previously in specifications the pressurant for the rocket will be nitrogen, a
fairly inert gas. Because N2 is non-reactive with most structural materials, liner selection
for the pressurant tank will be highly dependent on cost and manufacturability rather
than chemical compatibility. Therefore, it will be noted that at operating temperature
all previously considered structural materials are compatible with nitrogen.
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3.3.7 Pressurant COPYV liner material selection

Because both the HTP and RP-1 COPYV liners will be made from aluminum it will
likely be most cost efficient to tool only for aluminum tanks. Additionally because the
composite overwrap are acting as the primary structure of the COPV, the pressurant
tank can be designed in such that it exhibits the same amount of strain as the propellant
COPVs. Since the lowest properties for aluminum with relation to the other materials
was elongation at break, planning for similar strain conditions alleviates concern over
that property. All other concerns are consistent in practicality and are thus consistent in
resolution to the propellant tanks. Therefore a 6061 aluminum fuel COPYV liner
will be utilized in the design for this paper.

3.3.8 Overwrap option evlauation

COPVs typically utilize polymer reinforced glass, aramid, or carbon fibers. The matrix
material when considering fiber type will be assumed as epoxy due to its compatibility
with all three fibers. Figure[3.6/shows a table listing typical values of material properties
for composites utilizing each fiber type [47].

E-Glass/Epoxy Kevlar 49/Epoxy Carbon/Epoxy

Fabric Fabric Unidirectional Woven Fabric

(M10E/ (K120/ (AS4/ (AGP370-5H/
Property Unidirectional 3783) Unidirectional M10.2) 3501-86) 3501-68)
Fiber volume ratio, V; 0.55 0.50 0.60 — 0.63 0.62
Density, p, g/em’ (Ibfin") 1.97 (0.071)  1.90(0.068)  1.38 (0.050) — 1.60 (0.058) 1.60 (0.058)
Longitudinal modulus, E,, GPa (Msi) 41 (6.00} 24.5 (3.55) 80 (11.6) 294.2) 147 (21.3) T7¢11.2)
Transverse in-plane modulus, £,, GPa (Msi) 10.4 (1.5() 23.8 (3.45) 5.5 (0.80) 294.2) 10.3 (1.50) 75 (10.9)
Transverse out-of-plane modulus, E, GPa (Msi) 10.4 (1.50) 11.6 (1.68) 5.5(0.80) — 10,3 (1.50) 13.8 (2.0
In-plane shear modulus, GG ;, GPa (Msi) 43 (0.62) 4.7 (0.68) 2.2 (0.31) 18 (2.6) 7.0 (1.00) 6.5 (0.94)
Qut-of-plane shear modulus, G,;, GPa (Msi) 3.5 (0.50) 3.6 (0.52) 1.8 (0.26) — 3.7 (0.54) 4.1 (0.59)
Qut-of-plane shear modulus, G,;, GPa (Msi) 4.3 (0.62) 2.6 (0.38) 2.2(0.31) — 7.0 (1.00) 5.1(0.74)
Major in-plane Poisson’s ratio, v , 0.28 011 0.34 0.05 0727 0.06
Out-of-plane Poisson’s ratio, Vs, 0.50 0.20 0.40 —_ 0.54 0.37
Qut-of-plane Poisson’s ratio, v, 0.28 0.15 0.34 0.05 027 0.50
Longitudinal tensile strength, F),, MPa (ksi) 1140 (165) 433 (62.8) 1400 (205) 369 (53.5) 2280 (330) 963 (140)
Transverse tensile strength, F,,, MPa (ksi) 39(5.7) 386 (55.9) 30 (4.2) 369 (53.5) 57 (8.3) 856 (124)
Qut-of-plane tensile strength, F3,, MPa (ksi) 39(5.7) 27(3.9) 30 (4.2) — 57 (8.3) 60 (8.7)
Longitudinal compressive strength, F ., MPa (ksi) 620 (90) 377 (54.6) 335 (49) 129 (18.7) 1725 (250) 900 (130)
Transverse compressive strength, F,,, MPa (ksi) 128 (18.6) 335 (48.6) 158 (22.9) 129 (18.7) 228 (3% 900 (130)
Qut-of-plane compressive strength, F;, MPa (ksi) 128 (18.6) 237 (34.4) 158 (22.9) — 228 (33) 813 (118)
In-plane shear strength, F,, MPa (ksi) 89(12.9) 84 (12.2) 49 (7.1) 113 (16.4) 76 (11.0) 71(10.3)
Out-of-plane shear strength, F,, MPa (ksi) — 44 {(6.3) — 33(4.8) — 65 (9.5)
Out-of-plane shear strength, £5, MPa (ksi) — 41 (5.9) 37(54) 33(4.8) e 75 (10.8)
Longitudinal thermal expansion coefficient,

o, 107%°C (107%°F) 7.0(3.9) asn 2011 — ~0.9 (-0.5) 1.4 (1.9)
Transverse thermal expansion coefficient,

o, 10°%°C (107%°F) 26 (14.4) — 60 (33) — 27 (15) 37 2.0}
Qut-of-plane thermal expansion coefficient,

o, 107%°C (107%°F) 26 (14.4) — 60 (33) — 27(15) 52 (29)
Longitudinal moisture expansion coefficient, B, 0 — 0 — 0.01 0.05
Transverse moisture expansion coefficient, B, 02 — 0.3 — 0.20 0.05
Qut-of-nlane moisture expansion coefficient. B 02 — 0.3 = 0.20 0.27

Figure 3.6: Typical properties of varying fiber reinforced epoxy composites [47]
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Properties and implications

Because the overwrap will be produced using filament winding, only unidirectional
fiber properties will be considered. Note that each of the properties discussed is only
applicable to an individual oriented lamina of fiber, not for the overwrap laminate as
a whole. The following properties will be discussed for each of the fibers and their
performance will be ranked in levels -1,0, and 1 indicating worst to best in that order.
Should values be matching for two options which out-perform the third option, they
will be assigned a level of 1 and the worse option will be assigned a level of -1. Should
values be matching for two options which under-perform the third option, they will be
assigned a level of -1 and the better option will be assigned a level of 1. Should all three
options match in value they will be assigned a level of 0. All discussed properties have
been taken from figure taken from ”Engineering mechanics of composite materials”
a composite mechanics textbook authored by Isaac M. Daniel and Ori Ishai [47].

Fiber volume ratio, Vy: Fiber volume ratio, more commonly referred to as fiber
volume fraction is the volumetric proportion of fiber reinforcement in a composite in
relation to the volume of the composite as a whole. Because properties are dictated the by
rule of mixtures equations discussed throughout this section, fiber volume fraction largely
dictates the discussed properties. Capacity for high fiber volume fraction is as much if
not more a function of processing than it is a function of fiber type, however because
some fibers are more apt. to wet out than others it is also a material consideration.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
Vi 0.55 0.60 0.63
level -1 0 1

Density, p: For rocketry as with every other aerospace applications, a lighter system
is superior. This means that use of materials with lower densities is optimal.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
P 0.071 Ib/in® 0.050 1b/in? 0.058 1b/in®
level -1 1 0

Tensile moduli: Tensile modulus can be described as a materials resistance to strain
under an applied tensile load. More specifically it is given by the Young’s equation
E = 2. For the application of COPVs, a high tensile modulus means that while
pressurized, the tanks will see less deformation. This reduction in deformation allows
for easier integration with other components as less expansion must be accounted for;
Therefore, for this case higher modulus materials are preferable.

Longitudinal modulus, FE;: Longitudinal modulus describes the modulus in
the fiber direction. This is the primary direction of reinforcement in the composite.
In this direction modulus is given by the fiber dominated rule of mixtures equation
Ey = Ejy Vi + (1 —V}) * E,, where Ey describes the fiber modulus in the longitudinal
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direction and FE,, describes the modulus of the matrix. Note that this rule of mixtures
equation is a representation using an isostrain condition which assumes equal strain in
both the fiber and the matrix. Because the longitudinal modulus is fiber dominated and
the reinforcement has a higher elastic modulus than the matrix, F; has higher values
than E5 and F5 which are matrix dominated properties.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
Ey 6.00 Msi 11.6 Msi 21.3 Msi
level -1 0 1

Transverse in-plane modulus, F5: Transverse in-plane modulus describes the
tensile modulus in the direction perpendicular to the fiber orientation in the laminar

plane.The transverse direction uses the matrix dominated rule of mixtures equation
E, = [g—f; + %]_1. Note that this representation assumes an isostress condition which

assumes stress is equal in both the fibers and the surrounding matrix.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
E, 1.50 Msi 0.80 Msi 1.50 Msi
level 1 -1 1

Transverse out-of-plane modulus, F3: Transverse out-of-plane modulus de-
scribes the tensile modulus in the direction perpendicular to the laminar plane. This
orientation can be difficult to conceptualize, however if one imagines a rectangular prism
laminate structure of unidirectional fiber with a square cross section as viewed from the
end of the fiber axis, it can be reasoned that pulling in either the vertical or horizontal
direction should produce identical results. This explains why the F, and F3 moduli
are identical. It also explains why the same rule of mixtures equation is used for both
transverse directions for unidirectional reinforcement but not woven reinforcement.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
E, 1.50 Msi 0.80 Msi 1.50 Msi
level 1 -1 1

Shear moduli: Shear modulus is the shear analog to tensile modulus. It describes a
materials resistance to shear strain for a given shear stress. It can be intuitively thought
of as “rigidity” and is given by the shear analog of Young’s equation G = % For the
application of COPVs where the majority of fibers are being loaded in directions off
axis to a given fibers local longitudinal direction, shear modulus becomes an important
parameter to consider. In this application resistance to shear or a high shear modulus is
beneficial, as shear leads to changes in fiber direction resulting in mechanical properties
different than anticipated. Figure gives a visualization of shear orientations.
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E Qut-of-plane shear In-plane shear

Figure 3.7: Visual depictions of shear within a composite laminate structure [47]

In-plane shear modulus, G15: The in-plane shear modulus dictates resilience
to shear strain of the material in the laminar plane. As pressure causes a COPV to
deform, the fibers comprising the overwrap face shear loading. The primary shear
loading is in-plane as the fibers are loaded relatively uniformly in the out-of-plane
directions. Stiff resistance to this strain offered by a high shear modulus is important to
prevent deformation similar to tensile modulus. Because of this, a high tensile modulus
is preferable for this application. In this instance the in-plane shear modulus is a
matrix dominated response meaning that it uses the inverse rule of mixtures equation
G = e fé’ﬁ;; rar? however “this approach tends to underestimate the in-plane
shear modulus” [47]. For a more accurate model the Halpin-Tsai semiempirical Cfelatéon

of Gip = Gm(%) where ¢ is an empirical parameter (typically 1) and n =

can be used [47].

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
G1o 0.62 Msi 0.31 Msi 1.00 Msi
level 0 -1 1

Out-of-plane shear plane modulus, G93: As previously noted out-of plane
shear modulus is less of a concern for the application. However rigidity of the system is
still preferable to flexibility, so a high out-of-plane shear modulus will be denoted as
preferable. Of the three shear orientations, shear in the 23 direction is least likely to
occur. Calculation of the 23 shear modulus requires use of poissons ratio and strain
bulk modulus of the composite.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
G 0.50 Msi 0.26 Msi 0.54 Msi
level 0 -1 1

Out-of-plane shear plane modulus, G13:  Out of plane shear in the 13 direction
is unlikely to show itself in this application; However if it does, it will be in the form of
interlmainar shear. Due to the geometry of the laminate (G135 is calculated by the same
means as (G12. Once again a higher modulus is preferable for the application.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
Gi3 0.62 Msi 0.31 Msi 1.00 Msi
level 0 -1 1
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Poisson ratios: Poisson ratio is the amount a material changes in one direction in
relation to another direction while under strain. Poisson ratio can have large affects
related to stresses and strains within the laminate. A high Poisson ratio correlates with
large relative change in one direction in relation to another. If a laminate is symmetric,
this renders the “B matrix” or the coupling stiffness matrix equal to zero [47]. If a
laminate is balanced this renders the “D matrix” or the bending stiffness matrix equal
to zero [47].

Within a laminate, these stiffness components are derived from the idea that a
mismatch in lamina stiffness (a function of Poisson ratio) will result in a mismatch in
laminar deformation. If the laminate is asymmetric, then the mismatch will occur across
the laminates mid-plane causing bending or warp. If the laminate is unbalanced it can
result in torsion and interlaminar stresses due to torsion [47].

Because stress within a pressure vessel is roughly double in the hoop direction than in
the longitudinal direction, fibers will be laid accordingly. Because of this the individual
fiber properties will be biased in one direction resulting in an unbalanced overwrap.
However, there is the option to produce a symmetric laminate. This means that the
overwrap will likely have a zeroed B matrix but a non-zero D matrix. Because of
this unbalance, a low Poisson ratio is preferred for the application to ensure as little
unbalanced strain as possible when loaded.

Major in-plane Poisson’s ratio, v15: Major in-plane Poisson’s ratio has the
effect of introducing internal stresses within an unbalanced composite under load. It
also contributes to overall deformation as previously described. Poisson’s ratio in
the 12 direction follows the fiber dominated isostrain rule of mixtures represented
by vig = Viviay + Vit A more accurate representation of v can be obtained
through the use of the self consistent field model. The expression for this is v5 =

m— Km—K§)GmVi—V? . .
Vivigr + Vi + (VKf;:i)ém(VfK’;)Jer;;m)f where K, is the bulk modulus of the matrix

and K is the bulk modulus of the fiber [47]. However for most instances the isostrain
assumption is sufficient.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
level 0 -1 1

Out-of-plane Poisson’s ratio, 1»3: Out-of-plane Poisson’s ratio in the 23 direc-
tion will cause the individual fibers to shrink (along with the thickness of the overwrap)
as the tank is pressurized. This will have a similar but likely less pronounced effect than
in the 13 direction as the fiber will be laid such that the maximum strain will occur in
the fiber direction. The basic formulation for 15 requires knowledge of laminate bulk

modulus K5 and is represented as v42 = 1 — QETZ — 21/122%[47].

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
Vo3 0.50 0.40 0.54
level 0 1 -1
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Out-of-plane Poisson’s ratio, 113: Due to symmetry the out-of-plane Poisson
ratio for the 13 direction is equal to the major in-plane Poisson ratio and is calculated
using the same formulation. vy like 153 will effect the overwrap thickness under load.
Because the 1 direction is the primary loading direction for the fibers it is possible that
113 will have a more pronounced effect on loaded laminate thickness than rss.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
V13 0.23 0.34 0.27
level 0 -1 1

Tensile strength: Tensile strength along with density will be of great importance
when determining the weight of the vessels. A higher strength fiber allows for use of less
material resulting in a lighter COPV. Because the reinforcement fibers will primarily
be loaded in tension, tensile strength is of high concern for this application. Therefore,
higher tensile strengths are highly desirable for use in COPVs. Tensile strength is defined
by the composites stress at failure for uniaxial loading in the considered direction. lamina
tensile strengths can be determined experimentally, or estimated from the constituent
materials bulk properties.

Longitudinal tensile strength, Fi;: Longitudinal tensile strength is the most
important strength to consider as fiber will be laid such the stress will be highest in
the fiber direction. Longitudinal tensile strength defined by the composites stress at
failure when uniaxially loaded in the fiber direction. F}; is a contributing factor to a
number of different failure criteria which estimate the failure strength of the laminate.
the most common of these criteria are max stress, max strain, Tsai-Hill and Tsai-Wu.
The discrepancy in strength for longitudinal and transverse loading is caused by the
vast difference in strength between the fibers and their matrix.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
Fy 165 ksi 205 ksi 330 ksi
level -1 0 1

Transverse tensile strength, F5;: Transverse tensile strength in the 2 direction
is the second most important tensile strength. Failure of COPVs can occur due to
splitting of fibers in the transverse direction, and because the strength in the transverse
direction is so much lower than in the longitudinal direction, this failure mode must be
taken into consideration when designing fiber orientation. The strength is significantly
lower in the transverse direction because it is is a matrix dominated response where
fibers act as stress concentrators. As with longitudinal, transverse tensile strength is
given by stress at failure of a uniaxially loaded lamina. This property helps estimate
laminate failure strength with a number of different failure criteria.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
F 5.7 ksi 42 ksi 8.3 ksi
level 0 -1 1
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Out-of-plane tensile strength, F3: COPVs should not be under out-of-plane
tensile loading. Because of this all levels have been set to zero as this property should
not be contributing to judgment of fiber selection. Should this assumption prove to be
incorrect, out-of-plane transverse tensile strength is equal to transverse tensile strength
due to symmetry. Because all levels have been set to zero and with properties being
symmetric the resulting rating should be equal regardless of whether or not this property
is considered.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
Fis 5.7 ksi 4.2 ksi 8.3 ksi
level 0 0 0

Compressive Strength Though the primary loading of COPVs will be in tension,
provided that the tanks are to be structural components in the stack they will have to
bare the weight of all that is stacked above them while on the pad before pressurization.
They will also face compressive inertial loads during flight and have to bare their own
weight while resting on tooling in the shop or in transit which will put the sections
of laminate above the tanks neutral plane in compression. Another instance in which
compression may occur is in the event of external impact. In all cases is is optimal for
the compressive strength of the composite to be high.

Longitudinal Compressive strength, F;. Longitudinal compressive strength
can be utilized to support the weight of the rocket on the pad and handling compressive
inertial loads by orienting fibers along the length of the pressure vessel. Longitudinal
compressive strength is a buckling response, and for high volume fractions can be
approximated as Fj. = ﬁ—mvf which is a shear driven failure [47]. Laminate failure
response is estimated using failure criteria which rely on this property.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
Faq 90 ksi 49 ksi 205 ksi
level 0 -1 1

Transverse Compressive strength,f;. Transverse compressive strength is a
likely compressive mode to occur while on the pad and in flight as most fibers will be
off axis from the longitudinal direction. This orientation will contribute both transverse
compressive and shear loads. Transverse compressive failure is less predicable and
is caused by a number of failure modes, but it too can be approximated from bulk
constituent properties [47]. As with all other strengths the failure criterion used to
validate the composite rely on this property.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
Ty 18.6 ksi 22.9 ksi 33 ksi
level -1 0 1
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Out-of-plane Compressive strength,F3. Due to symmetry, out-of-plane com-
pressive strength is the same as transverse compressive strength, however it is less
likely to occur under normal conditions. The instance where out-of-plane compressive
strength is likely to occur is with accidental impact loading. Impact damage is a common
disqualifier for composite parts, so out of plane compressive strength is important in
the sense that higher strength fibers can take more load. However, ductility is also
important for impact damage because a ductile material is better equip to dissipate
energy. Therefore resilience to impact damage cannot be judged solely by out-of-plane
compressive strength.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
Fig 18.6 ksi 22.9 ksi 33 ksi
level -1 0 1

In-plane shear strength, Fi: In plane shear strength is an important property to
consider because as previously stated, the majority of fibers will not be directly in the
loading direction. Multi-directional loading will present itself not only as stresses in
principle directions but also as shear. Though ideally the laminate will be designed to
minimize shear, regardless of what is done, shear will exist. This is because fiber cannot
be wrapped fully in the longitudinal direction due to the polar bosses. Lamina shear
strength is approximated using bulk constituent properties or can be tested empirically
[47). As with other strengths, shear strength for the laminate factors into failure analysis.
The same four which were previously mentioned work for shear strength as well. As
with other strengths the highest strength possible is desired from the material for this
application.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
F 12.9 ksi 7.1 ksi 11.0 ksi
level 1 -1 0

Coefficients of thermal expansion, CTE: Coefficients of thermal expansion de-
scribe the amount of change in a materials size due to a change in temperature. In this
case CTE describes change in length of either the longitudinal or transverse fiber direc-
tion. CTE will potentially affect both integration of the COPVs and internal stresses of
the composite. Larger CTEs correlate to larger change in length per degree resulting
in higher internal stresses and more complications with integration. Introduction of
thermal stresses is both a use and manufacturing consideration. Because epoxy cures in
an exothermic reaction and often requires heating of the part, raised temperatures at
cure can introduce residual thermal stresses. When in use, expansion or contraction of
a material can introduce stresses within the composite, especially when mated with a
dissimilar material. Because of this the lowest magnitude CTE possible is optimal for
this application.

20



Longitudinal thermal expansion coefficient, a;: Longitudinal CTE describes
the amount a composite grows or shrinks in the fiber direction. Because of fibers high

longitudinal moduli, longitudinal CTE is usually relatively low in magnitude compared
EfapVi+Enam(1-Vy)
EpVi+Em(1=Vy)

to transverse CTE. Longitudinal CTE is given by the equation oy =
[47].

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
a | 3.9 (10°/°F) 1.1 (10°9/°F) 0.5 (10-°/°F)
level -1 0 1

Transverse thermal expansion coefficient, as: As previously noted transverse
CTE is typically higher in fiber reinforced composites because the fiber modulus is
substantially lower in the transverse direction. This provides potential for significant
internal stress during cure. Because epoxy is a thermosetting matrix it heats during
its cure cycle. The polymer solidifies at temperature, and when it cools it grows or
shrinks depending on the materials CTE. This growing or shrinking while locked into
the geometry creates stress within the material. Luckily because CTE is positive in
the longitudinal direction this acts as negative pre-load making the net stress within
the composite less than it would be otherwise when placed under tension. Despite this
benefit to the CTE, minimization is still optimal as it makes integration less complicated.
Transverse CTE is given by the equation oy = anf V(1 + Vlgf%) + an Vi (L + vy,) —
(112§ Vs + Vi Vi) o where V,,, = (1 — V) [T].

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
g 14.4 (107%/°F) 33 (107¢/°F) 15 (107%/°F)
level 1 -1 0

Out-of-plane thermal expansion coefficient, a3: Out-of-plane CTE has the
same values as transverse CTE due to symmetry. a3 has the same effect as ay for the
same reasons and is calculated using the same equation.

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
as | 144 (10°9/°F) 33 (10 °/°F) 15 (10-°/°F)
level 1 -1 0

Coefficients of moisture expansion, CME: “Micromechanical relations for the
coefficients of moisture expansion are entirely analogous [to coefficients of thermal
expansion|” [47]. “CME is defined by the ratio of the length variation to the mass
variation percent due to moisture evaporation or absorption” [48]. CME is an important
consideration for determining proper storage conditions for the rocket. Ideally the rocket
would soak at and be launched under similar atmospheric conditions to when it was
manufactured. Because CME is completely analogous to CTE including the equations
used (substituting § for a) this section will not be discussed in depth, as the same logic
argued for CTE applies to CME as well.
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Longitudinal moisture expansion coefficient, (;:

E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
A 0 0 0.1
level 1 1 -1
Transverse moisture expansion coefficient, J;:
E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
Ba 0.2 0.3 0.2
level 1 -1 1
Out-of-plane moisture expansion coefficient, ;:
E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
B3 0.2 0.3 0.2
level 1 -1 1

3.3.9 Overwrap material selection
Summation of the assigned levels in the discussion above is shown in table [3.1
E-Glass/Epoxy | Kevlar 49/Epoxy | Carbon/Epoxy
Points 1 -11 14
Rank 2 3 1

Table 3.1: Overwrap material ranking by points based on material

properties

Outcome: Due to the outcome of the above material property investigation a carbon
fiber epoxy overwrap will be utilized in the design for this paper. The carbon
fiber used will likely be Toray MTORAYCA T-1000G high strength fiber as it is a tow
commonly used by Blue Force Technologies, the company most likely to perform the
filament winding of the COPVs. The white this material is given in appendix [49].
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3.4 Slosh Mitigation

Slosh within context of aero-systems is defined in the Slosh Design Handbook as “periodic
motion of a contained liquid propellant”. Slosh occurs due to dynamic motion and
is most commonly caused by “gust loads, control modes, and structural modes” [50].
The slosh Design Handbook continues to explain that “if any of these excitations have
frequencies in the vicinity of the resonant frequency of a contained liquid violent sloshing
will occur” [50]. Due to the large liquid mass of propellant within a rocket, slosh can
lead to significant forces which must be taken into consideration to maintain planned
trajectory [50].

The Slosh Design Handbook written by James R Roberts and Pei-Ying Chen was
written to evaluate the efficacy of damper designs by examining their damping effect
on eigen frequencies of contained fluids [50]. This trade study will focus primarily on
the results obtained by Roberts and Chen as LRL does not currently have sufficient
information to plan for specific load histories. Mathematical models for the most
promising designs will be considered to ensure their likely efficacy within the context
of the LRL launch vehicle projected flight profile. Design selection will be based on
the designs that provide damping over the broadest spectrum of frequencies likely to
occur within the LRL launch vehicle. All mathematical models will assume a fully rigid
circular cylinder [50].

3.4.1 Existing slosh mitigation system designs

Sectioned tanks

The general idea behind a sectioned tank is
s that it divides the fluid into discrete sections
| effectively forming a collective of smaller tanks.
The following partition designs will be com-

g} pared in terms of resonant frequencies and
Tl damping ratios. Resonant frequencies of given
r_“ I_T‘N.-* / ¥ designs will be discussed in terms of resonant
frequency parameter; Defined as “ (w?d/a)

h F where w is the liquid natural frequency ...
il RN a is the acceleration field” and d is the tank

L ,»lk \t /"71-\\\.‘ diameter [51]. In the article frequencies and
- w damping ratios were measured against exci-

tation amplitude which is defined as (zy/d)
where 1z, is transnational excitation and d is
the tanks diameter [51]. When discussing per-
forations, hole diameter ratio is used defined by (d;/d) where dj, is perforation hole
diameter and d is tank diameter [51].

In the study performed by Abramson and Garza, water and methylene chloride were
used as test liquids to examine partitioning effects on effective resonant frequency in
the liquid and the damping ratio of the system [51]. It was found that 90" sector tanks
with solid walls exhibit the lowest resonant frequency parameters of the three tanks

Figure 3.8: 90" sectored tank [50]
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examined. The 90" exhibited resonant frequency parameter values starting at around
5.5 and decreasing to approximately 4.85 as excitation amplitude increased[51]. It was
discovered that in terms of resonant frequencies parameters 60" and 45 sectioned tanks
performed similarly at low excitation amplitudes but started to diverge as excitation
amplitude increased. The 45 sectioned tanks resonant frequency parameter leveled off
at approximately 6.5 [51].

It was found that solid walled partitions offer little damping near resonant frequency
with tested damping ratios averaging at 0.04. However “at frequencies below the resonant
frequency the liquid sloshing is effectively damped” [51]. On the other hand studies
showed that at resonant frequency, perforated partitions “with less than 10% open area
will increase the damping ratio to approximately 0.1 while maintaining a liquid resonant
frequency corresponding to a solid wall [sectioned] tank” [51].

When examining increased perforation percentages in the 45  sectioned tank, studies
showed that maximum damping occurred in the range of 16-23% open area with a
hole diameter ratio of 0.00278; “However, the excitation amplitude must be quite large
to maintain the resonant frequency corresponding to solid-sector walls” [51]. When
the hole diameter of high percentage perforation partitions were decreased to a ratio
of 0.00139, the article states that they were able to obtain damping ratios 0.15 while
maintaining the solid-walled resonant frequency at 23% perforation [51].

Results for the 60" and 90" sector tanks show similar trends. Both 60" and 90’
tanks exhibited damping ratios of 0.12 at 16-23% perforation while maintaining solid
walled frequency characteristics with lower excitation amplitudes corresponding to small
diameter ratios and large excitation amplitudes corresponding to larger diameter ratios
[51].

The main takeaways from this information is that tank sectioning is an effective
means of resonant frequency control as well as slosh damping. Additionally that
resonant frequency control can be maintained by relating the hole diameter ratio to
particular excitation amplitudes [51), 50]. According to the Slosh Design Handbook
studies “ indicate that cross partitions have a greater effect on eigen frequencies than
do concentric partitions” and that for “[90" sectioned tanks], the vibrating liquid mass
is reduced to more than one-half of that of a [non-partitioned] circular cylindrical tank”

[50.
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Circumferential ring baffles

Another study was performed by Abramson
and Garza in 1963 [52]. In this study they

evaluated the efficacy of ring baffles within a
E ; ) cylindrical tank for damping slosh. The arti-
o cle explains that ring baffles primary utility

is reducing liquid propellant motion caused
by lateral forces [50, 52]. Their experiment

aimed to investigate and measure the effect
6 circumferential ring baffles have on slosh and
\\—_*__—-—/) the resonant frequencies that contribute to it.

In the study baffles 0.018 - 0.03 inches thick
with a fixed width to radius ratio (W/R) of
0.157 were used [52]. In addition to solid baf-

\\--—._....,_—-‘-"/ fles, perforated baffles with a baseline of 30%

perforated area and 0.079 inch diameter holes

Figure 3.9: Ring baffle [50] were tested [52]. Liquid depth was held con-
stant and was equal to the tanks diameter.

Resonant frequency was presented using the same dimensionless resonant frequency
parameter (w?d/a) in the authors previous article. [51} 52]. Excitation amplitude (z,/d)
was also presented in the same form [51]. In the studies, excitation amplitude was varied
from 0.00184 < zy/d < 0.00823, “then all data was presented in terms of RMS values”
[52]. The authors also define a ratio (ds/R) as the distance of the baffle below the liquids
surface at equilibrium in relation to the tank radius [52].

The study resulted in the findings that “the liquid resonant frequency exhibits a
maximum value when the baffle is located at the liquid free surface (ds/R=0). Resonant
frequency decreases to a minimum value near a baffle depth of dg/R=0.10. At ring
depths greater than ds/R=0.10, the liquid resonant frequencies increase with (ds/R),
gradually approaching the first liquid resonant frequency for a bare-walled cylindrical
tank” [52]. When an analysis of the liquids resonant frequency as a function of ds/R
was performed for the perforated baffle it was observed that “for baffle depths greater
than ds/R=0.06" the resonant frequency increased with an increase in percentage of
perforated area as well as perforation hole size [52].

The findings on perforation effects were given in graphical form as seen in figures|[3.10)
and [3.1T] As explained in the Slosh Design Handbook and is apparent by these plots, as
perforation both in terms of hole diameter and area percentage increase damping factor
decreases[50} [52]. Additionally effective resonant frequency increases with an increase in
both metrics of perforation [50], 52] This indicates that there is no benefit to perforating
circumferential ring baffles other than weight reduction; However there are more effective
methods of accomplishing weight reduction, so as a general rule perforating ring baffles
is not a good idea.

The article also offers a figure showing damping ratio for multiple circumferential
baffles and resonant frequency on the same plot which can be seen in figure m [52].
This image shows that damping is greatest just below the baffles and that resonant
frequency reaches a maximum at the baffes.
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Ring with radial clearance

A 1961 study by Silveira et al. investigated the
effect of flat ring baffles with radial clearance

on damping and effective resonant frequency
[53]. The study defines damping factor as § =
%loge 7 where “ n is equal to number of cycles
i over which decay was measured, M, equals the

~ ~
e - amplitude of a selected initial moment, and M,
represents the amplitude of a selected terminal

moment after n cycles” [53].
g For this study M, was set to produce a wave

amplitude equal to approximately one inch in
a 12 inch diameter, 12 inch deep tank filled
with water. M, was set as 0.3M, for general
\\___-—/) damping evaluation. To examine the effect of
amplitude on damping M, was set equal to
Figure 3.13: Ring-with-radial-clearance 0.7M, [53]. Usmg this test procgdurg baffle
I50] geometry was varied and tested in different
states.

The geometric parameters changed were baffle clearance from the tanks walls (c¢) and
the baftles width defined as the baffles outer radius minus its inner radius (w)[53]. Figure
m shows the damping factor corresponding to each configuration plotted against (d/R)
which represents the ratio of the baffles distance below the liquids equilibrium surface
and the tanks radius [53]. Similarly frequency was measured as a function of baffle
location for each of the geometry previously described. Results are shown in figure [3.15

In the Slosh Design Handbook Roberts and Chen interpenetrate the findings of
Silveira et al. as follows:

When radial clearance is held constant:
e “The damping factor increases as the baffle width increases” as show in figure [50, 53]

e “The frequency increases as the baffle width decreases” as show in figure (50, B3]

When baffle width is held constant:
e “The damping factor decreases as radial clearance increases” as show in figure [50, 53]

e “The frequency increases as the radial clearance decreases” as show in figure [50, B3]
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Conic section baflles

In the previously cited article by Silveira et al. conic sections were also investigated
using the same experimental design as described in the previous discussion. Conic
section baffles were investigated in upright along with inverted orientations as shown in
figure [3.16| using both perforated and non-perforated baffle material. All conic section
baffles in the study were held at 45°and are sized with their radius as projected onto a
plane [53].

\~“"h——-==_—‘f""‘-"'J = ‘-‘\
[ = ) L---..__________..-ﬂ*'
Mz —

i Mg

(a) Upright (b) Inverted

Figure 3.16: Conic section baffle designs [50]

Silveira et al. found that the damping results “are very similar to those of the flat
rings... although the damping provided by the conic sections is slightly higher” [53]. Tt
was found that maximum damping for upright conic section baffles occurs when the
upright conic section baffle is just below the surface with a d/R ratio of about 0.085
where d is the measure from the top of the baffle to the static fluid surface [53]. The
article continues to say that “the surface area of a conic section baffle having the same
value of w/R as that for the fixed ring is considerably higher” [53]. This implies that the
increase of mass for upright conic section baffles are not worth the increase in damping
for rocketry applications.

When examining inverted conic section baffles Silveira et al. found that they perform
nearly the same as upright conic section baffles with the same relations to flat ring
baffles. “However, the maximum value of damping occurs when the baffle is approximately
half submerged in the liquid ... [due to an| almost complete restriction of fluid motion in
the region between the baffle and the tank wall”[53]. The inverted conic section appears
to be less effective than both flat ring and upright conic section baffles [53]; Therefore
this design will be eliminated from consideration. Silveira et al. found that adding
perforations in the conic section baffles reduced the sharp curve seen in the damping
factor vs. depth ratio plots, however damping efficiency also decreased by more than
half compared with solid conic section baffles [53]. This indicates that use of perforated
conic section baffles are also not worth considering.
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Cruciform baffles

Another baffle geometry covered by Silveira
et al. in the same study are cruciform baf-
fles. Two sizes of cruciform baffles were tested:

One with w/R = 0.169 and the other with
w/R = 0.337 [53]. Damping factor was mea-
; sured 90°and 45°from the node line (fluid flow

direction) yielding the following results [53]:

[

w/R | Angle )

0.169 90° 0.072
0.169 45° 0.070
0.337 | 90° | 0.156
0.337 | 45° | 0.142

I-._-_"'_'-"_
_—

é

\

Cruciform baffles show the lowest damping

Figure 3.17: Cruciform-baffles [50] of flat or conic baffle types as examined with

the conventional slosh generation method used

in the article authored by Silveira et al. [53].

However, the Slosh Design Handbook indicates that the primary utility of cruciform

baffles is the prevention of rotational slosh [50] which can be cause by rotational
movement of the container or by a vortex caused by drainage.

Can Floats

Floats are a damping methodology proposed in a 1958 article by Eulitz et al. [54].
The idea with a float is that it will rest atop the fluid and track the fluid level as it
decreases. Examples of these floats can be seen in figure |3.18| which also acts as a visual
aid to describe the test procedure. In the test, tanks were hung by their tops as shown
in figure [54]. The tanks were then oscillated. A load cell was attached to the
bottom of the tanks and the reaction force caused by the oscillations was measured
[54]. Damping factor in this experiment is the ratio of the maximum reaction force for
a liquid contained by a slosh mitigation system to the maximum reaction force for a
free liquid.

Figure [3.20] shows the resulting damping effects of different designs undergoing this
test. On this chart the ”Solid Liquid” line represents the ideal damping curve. The
slosh mitigation mechanism that most closely resembles the ideal damping curve is the
"Float, Cans” curve. The mechanism to which this refers is shown in figure [3.19} The
article by Eulitz et al. describes the can as a cylinder of perforated aluminum in which
a hollow aluminum sphere lies. The top and bottom of the cans are angled to prevent
the sphere from falling out. The typical geometry for a can as described by Eulitz et al.
can be seen in figure m(b) Sizing guidelines for a can design is detailed in the Slosh
Design Handbook.
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DAMPING EFFECT OF VARIOUS ANTI-SLOSH DEVICES
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0.8 0:9 1.0 L1 1.2 1.3 Lk 1.5 1.6 Rk
Figure 3.20: Damping comparison of several designs [54]

Though other float designs such as mat and bell type baffles were mentioned, there
is not extensive explanation of the results for these damping mechanisms. In the slosh
design handbook it was noted that the mat type was “highly effective in damping the

liquid amplitude” but notes that is can easily become caught on internal tank features
[50].
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3.4.2 Slosh mitigation system selection

In the Slosh Design Handbook, Roberts and Chen give the recommendation that “the
designer should start with solid circumferential ring baffles and use Miles’ expression
for [the] first approximation of the damping factor” [50]. “Miles’ expression” refers to
a semi-empirical relation derived by J. W. Miles for the damping factor of fixed ring
baffles [55] 56, 53, [50]. The equation for this relationship is given in equation [3.1}

2 (R_w)2.3 1
(R(R#)z(%p

§ = (27)2.83¢ 0% (33)

Semi-empirical relationship for damping factor: d = Depth below static liquid
surface, R=Tank radius, w =Width of baffle annulus projected on liquid surface, (=Wave
amplitude [53]

b

Roberts and Chen suggest that the damping factor calculated by use of Miles
expression be used as the basis for a “ball-park-figure for the spacing and width of the
baffles” [50]. The Handbook then suggests that Bauer’s extension (a mathematically
intensive expansion found in the Handbook) be used to refine the result of baffle
distribution. Finally the handbook suggests that analysis of “pressure acting on the
baffle will permit the optimization of thickness and material of each baffle and thus the
calculation of the total weight added by the damping system” [50]. For pressure analysis
a series of complex relations were used to estimate, however in 2020, FEA and CFD
analysis techniques can be used to model the pressure on the baffles to ensure they do
not plasticity deform or fail when in use.

Outcome: Because much is still unknown about the system including the oscillatory
or vibrational loading, a circumferential ring baffle system will be utilized in
the design for this paper. Should future testing reveal that greater damping be required
or a greater shift in resonant frequency be required to adequately reduce slosh, this trade
study can act as a basis for deeper investigation. In the design of the tanks, an effort
will be made for the parametric modeling of the slosh mitigation system to provide ease
of variability for future design alterations.
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COPYV Design

4.1 Design Selection

By evaluating design choices through trade studies the general COPV designs have been
selected. The pressurant COPV will consist of an aluminum liner with hemispherical
heads and a carbon fiber overwrap. By trade study it was concluded that the propellant
COPVs will be two separate tanks rather than one tank sharing a common bulkhead.
They too will have aluminum liners with hemispherical heads, and carbon overwraps.
Additionally, the propellant tanks will have circumferential ring baffles as slosh mitigation
mechanisms. The aluminum used will be 6061 with the assumption of T6 temper for
analysis. The carbon used will be Toray T1000G unidirectional fiber and the matrix
used will be 3501-6 Epoxy.

4.2 Stack Configuration

The stacking of the propellant tanks requires consideration. Placement of the fuel and
oxidizer COPVs on top of one another has potential mass and stability ramifications.
In terms of stability, tank placement will result in varying mass center location for the
rocket throughout its flight. Because the propellants will be draining, the tanks mass
center will shift downwards with the propellants until a minimum value is reached at
which point the mass center will shift upwards again.

Rocket stability in its simplest form is ensuring that the rockets center of mass (CM)
is positioned above its center of pressure (CP). In a state where the height of CM > CP,
the system acts like a pendulum. The center of mass acts like the pendulums pivot and
the center of pressure acts like the pendulums bob with an equilibrium position of the
center of pressure directly below the center of mass. In a state where the hight of CM
< CP, the system acts like an inverted pendulum. The system is inherently unstable
with the center of pressure wanting to topple the rocket.

However if the center of mass is too high, the rocket will be unstable on the launch
pad and as it takes off. On the pad and as the rocket has just begun to gain velocity
there is not sufficient aerodynamic pressure to keep a rocket with a high center of mass
stable. Because of this a rockets center of mass should lie below its midpoint while
traveling at low velocity.

To track the rockets center of mass throughout flight, the Matlab script shown in
appendix was written. Graphical outputs from that script are shown in figure [4.1
where spacing between the propellant tanks was varied.
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Figure 4.1: Center of Mass for two propellant tanks with varied spacing. HTP on top
vs RP-1 on top. Note: Spacing offers no

mass contribution

Figure indicates that locating the RP-1 tank above the HTP tank will provide
a higher CM for most of the burn time with tank spacing less than 18 inches. It is
likely that tank spacing will be less than 18 inches, and the maximum CM height for
either configuration is estimated to be less than half the final rocket height. Because of
this the current assumption will be made that the RP-1 tank will go above the HTP
tank. Should circumstances change as other rocket systems further in development, this

decision can be re-evaluated.
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4.3 Baffle Design

Using Miles Equation shown in eq. [3.1], initial geometric parameters can be determined.
Because slosh amplitudes, resonant frequencies, and required damping factors have yet
to be determined, baffle design must be approached symbolically. The biggest impact
on design will be the number and spacing of the baffles within the tank. An initial
estimate for this can be derived by solving miles equation for baffle depth as shown in

equation [4.1]

_ _ 021739Rlog(0.056238%)
d - ¢ 1/2 RQ*—(w R)2 (41)
z  H—pz—)2

Miles Equation solved for baffle depth: 6= Damping ratio, R=Tank radius,
w =Width of baffle annulus projected on liquid surface, (=Wave amplitude

An alternative to Miles Equation is O’Neill’s Extension which is shown in eq. [4.2]
O’Neill’s Extension gives damping factor in terms of lateral force and fluid density rather
than in terms of wave amplitude [50].

- d/ R°—(R—w)?\3, F |1
4.60% ( =2 )2 (pgR3 )2 (42)

§ = (2m)2.16¢

O’Neill’s relationship for damping factor: d = Depth below static liquid
surface, R=Tank radius, w =Width of baffle annulus projected on liquid surface, F=
lateral force, p= fluid density, g = gravitational acceleration [50]

Similarly to Miles equation, O’Niell’s equation can be rewritten to solve for baffle
depth where lateral lateral force can be experimentally determined and used as a design
parameter. This solution is shown in equation

_0.21739Rxlog(0. 0736835)
d=— F_1/2_ R?x—(w—R)?\3 (4.3)
7y, gz )2

O’Neill’s Equation solved for baffle depth: 6= Damping ratio, R=Tank
radius, w = Width of baffle annulus projected on liquid surface, F= lateral force,
= fluid density, g = gravitational acceleration

The result of these equations give the damping factor of a single baffle submerged at
depth d which can give a good estimate. However, for a better estimate for a system of
rings, Bauer’s Extension must be used. According to the Slosh Design Handbook, Miles’
Equation gives a higher estimate of damping factor than is actually observed because
it assumes the fluid and baffle are in constant contact with one another. Additionally
Bauer’s Extension accounts for a system of baffles and their combined interaction with
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the fluid [50]. The entire derivation and explanation of Bauer’s Extension is shown in
the Slosh design handbook, but for the sake of brevity, only the result will be presented
in this paper. The result of Bauer’s Extension is the conditional summation shown in

equation [4.4] [50].

N M
§ = 2.83\/% { 3 e~ +H-D Rz 4 > 6—4-6<m%—%>ai} (4.4)
n=1 m=1

Bauer’s Extension relationship for damping factor: d = Depth below static
liquid surface, R=Tank radius, n = n'™ baffle below the free fluid surface, &, =
conditional effective baffle area for fully submerged baffle, m = m' baffle above the
free fluid surface, &, = conditional effective baffle area for baffle impacted by slosh,
D = Distance between baffles, (=Wave amplitude

As noted in the equations caption @, and @, are conditional parameters depending
on whether or not the baffles are coming into contact with the sloshing fluid. @,, describes
the effective area of a baffle submerged a depth d+(n-1)D below the free surface and
is given by equations [.5—[4.7] for various relations between the equations parameters
(given in equation captions) [50]. @, describes the effective area of a non-submerged
baffle above the free fluid surface level a distance of D-d and is given by equations
[1.§-[4.10] for various relations between the equations parameters (given in equation
captions) [50].

a, = %(2 — %) (4.5)

Bauer’s Extension lower effective baffle area if %—i— % > %: d = Depth below
static liquid surface, R=Tank radius, n = n'™ baffle below the free fluid surface, D =
Distance between baffles, (=Wave amplitude,w = Width of baffle annulus projected on
liquid surface
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(4.6)

44 (n_1) 2 d .y (n 1)D
+(%)arcsin (—R+( z 1)R) — (%) (R+( <—1)R>

T

R

. . . w d D .
Bauer’s Extension lower effective baffle area if %(1 -5 <F+ 5 < %. d
= Depth below static liquid surface, R=Tank radius, n = n' baffle below the free fluid
surface, D = Distance between baffles, (=Wave amplitude,w = Width of baffle annulus
projected on liquid surface
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4y (1) 44 (no1)D
+(2)arcsin <—R+( _ 1)R> — (1) (R+( : 1)R)

% ld%-f-l(i—]l%l)g
dt(n-1)2(1-2 [4+(n—1)2]2
+<%)|:R %R R]\/(%>2_[R (_%R )2]

Bauer’s Extension lower effective baffle area if %+% < %(1 —%): d = Depth
below static liquid surface, R=Tank radius, n = n' baffle below the free fluid surface, D

= Distance between baffles, (=Wave amplitude,w = Width of baffle annulus projected
on liquid surface
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a,, =0 (4.8)

Bauer’s Extension upper effective baffle area if m% — % > % : d = Depth

below static liquid surface, R=Tank radius, m = m"" baffle above the free fluid surface,
D = Distance between baffles, (=Wave amplitude,w = Width of baffle annulus projected

on liquid surface

|- mEog) 2 [mEog| g, | @tV R gl
R R R R

(8)° = (mf = )7 = Jaresin (%)

(4.9)

Bauer’s Extension upper effective baffle area if (1 — —)/leq— -4 § % :d
= Depth below static liquid surface, R=Tank radius, m = mth baffle above the free fluid
surface, D = Distance between baffles, (=Wave amplitude,w = Width of baffle annulus
projected on liquid surface
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Bauer’s Extension upper effective baffle area if m% — ‘f < 1%(1 - %) s d=
Depth below static liquid surface, R=Tank radius, m = m™ baffle above the free fluid
surface, D = Distance between baffles, (=Wave amplitude,w = Width of baffle annulus

projected on liquid surface

Parameters fixed by design are: D - the spacing between the baffles, w - the width
of the baffles, and R - the tanks inner radius. Tank radius is primarily of aerodynamic
concern and is dictated accordingly. This leaves D and w as the primary design
parameters. (- the wave amplitude of the sloshing free fluid is almost entirely at the
whim of flight and vibrational dynamics. For this reason ¢ will be assigned a value
within a realistic range for the sake of testing. Baffle depth ’d’ is a function of baffle
spacing and fluid flow rate. Using this set of relations and assumptions a Matlab script
shown in code appendix has been created to act a parametric model for baffle
design. To obtain realistic values for parameters, an experiment must be conducted
using vibratory modes and attitude adjustments that will be seen in flight. Figures
— show damping factor vs tank level for a variety of baffle quantities and spacing.
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This analysis shows a problem with Bauer’s model in the sense that it is not the
best for tanks with few baffles as it defaults to a state of near linearity for large "D’
values; In the real world it is likely not the case that baffles above the fluid will provide
significant damping if the slosh amplitude is less than the ’d’ value. For large values
of D, this situation is often the case. However Bauer’s model seems to indicate that
increases in baffles offer higher damping more frequently where less baffles provide room
for intermediate damping. Due to the lack of information on actual parameter values
along with evidence pointing towards increased quantities of baffles providing little
benefit for damping of high amplitude slosh, 10 baffles will be used in the HTP tank
with a spacing of D=24" within the cylindrical section of the tank.

The top baffle spacing will be increased to a maximum of 30 inches so that the top
baffle ends at the end of the cylinder. Should the spacing exceed 30 inches, the baffle
will be returned in its position to D=24" and an additional baffle will be placed at the
top of the cylinder. Because the RP-1 tank has a short cylindrical section, baffles will
be placed on the top and bottom of the cylinder. Should the cylinder for the RP-1 tank
exceed 24 inches, the baffle will increase in spacing up to 6 inches (Dy.x=30) at which
point spacing of the two baffles will return to 24” and an additional baffle will be added.
A baffle thickness of 0.17 was assumed, and will be designed as such. Future analysis
will be done to determine if this thickness is sufficient. The baffles not only act as a
slosh mitigation mechanism but also serve as a skeleton for the liner. This is the reason
for the baffles on the end.

In addition to the circumferential baffles, longitudinal baffies will be added. These
baffles will act more as a means of creating a framework than preventing slosh, however
in the instance of roll events, they will offer marginal slosh mitigation. This framework
will help stabilize the liner as it is being wound. Notches will be cut in the circumferential
baffles for the longitudinal baffles to slot into. These longitudinal baffles will be made
from 6061 angle oriented such that a single edge is coincident with the edge of the baffles
with the “L” facing into the baffle to provide stiffness while maintaining light weight.
This material can be purchased from Alro steel, the LRL metal supplier.
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Damping factor vs fluid level in draining tank at constant flow rate
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(a) HTP baffle system using Bauer’s Expansion - 25 baffles:
(=06 (in), w=2(in), N=19, M =1, D = 8.83 (in), R= 7.8 (in), Weight = 20.83 (Ib)
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(b) HTP baffle system using Bauer’s Expansion - 20 baffles:
(=6 (in), w=2(in), N=19, M = 1, D = 11.15 (in), R= 7.8 (in), Weight = 16.66 (Ib)
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(c) HTP baffle system using Bauer’s Expansion - 15 baffles:
(=6 (in), w= 2 (in), N=14, M =1, D = 15.14 (in), R= 7.8 (in), Weight = 12.50 (Ib)
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(d) HTP baffle system using Bauer’s Expansion - 10 baffles:
(=6 (in), w=2 (in), N=9, M =1, D = 23.55 (in), R= 7.8 (in), Weight = 8.33 (Ib)
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4.4 Liner Design

As previously noted the liners for all three COPVs will be made from 6061 sheet
aluminum. The cylinders can be manufactured locally, and the hemispherical heads
can be purchased online. The cylinders can be rolled and welded, and the heads can
be welded to the completed cylinders. The baffle assembly will act as a supportive
framework to which the liners cylinder can be affixed for welding.

While both the RP-1 and N2 tanks will likely be small enough that the cylinders will
be able to be made from a single piece of rolled aluminum, it is likely that the HTP tank
cylinder will need to be made from multiple pieces. The number of pieces used should
be minimized to reduce the amount of welding that needs to be done. Additionally,
longitudinal welds should be performed 180 degrees to one another to reduce the amount
of welds converging in a single location. To weld the cylinders, the use of an automated
welder is suggested. Because welding of thin aluminum is notoriously difficult, use of an
automated welder will ensure a uniform, airtight weld throughout the length of all weld
seams while avoiding punch through.

All exterior welds should be performed atop baffles. In practice the baffle will act
as a backer which will provide two benefits. First, the backer will help prevent punch
through of the weld. Secondly, the baffle will become part of the joint and will help to
reduce the load placed on the weld seam itself. The liner will also have to be welded
to the other longitudinal baffles on the baffle structure. This can be done through the
following process:

1. Fixture rolled cylinder around the baffle structure such that the open edges
converge atop a longitudinal baffle

2. Tack weld the ends of the longitudinal baffle opposite to the the baffle where the
open edges converge to the cylinder

3. Allow the cylinder material to open and weld along the length of the longitudinal
baffle opposite the open edges

4. Perform this same process welding longitudinal angle baffles to the cylinder working
towards the open edges. Check before and after each weld to ensure that the open
edges of the liner still converge atop the baffle to which the cylinder material was
originally aligned

5. After all other longitudinal baffles have been welded to the cylinder material, close
the cylinder with a final weld along the longitudinal baffle to which the material
was originally aligned

An additional consideration when discussing the design of the liner is the forces it
faces during the filament winding process. Because the fiber requires compaction, which
in filament winding is provided by tension in the filament itself, there will be significant
inward pressure on the liner while it is being wound. To counteract this pressure, the
liner must be pressurized to provide equal and opposite force to maintain the tanks
geometry during winding. An analogy to this is the pressure inside of a beverage can
which keeps it from becoming dented in transit.
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4.5 Overwrap Design

The carbon used will be Toray T1000G unidirectional fiber, however full properties are
unavailable, so remaining properties will be supplemented using AS4 properties, a lower
property fiber. The matrix used will be 3501-6 epoxy.

The COPV analysis Matlab scripts shown in the code appendices [6.1.1| and [6.1.2)]
gives the following lamina level material properties for a unit sample of the composite
using the supplemented T1000G reinforcement in a 3501-6 epoxy matrix :

Longitudinal Modulus (E1) ..... ... i 26.4732 Msi
Transverse Modulus (E2) ... ... .o 1.1041 Msi
Shear Modulus (G12) .. ... 544.5523 ksi
Poissons ratio (VI2) ... 0.2585
Longitudinal CTE ... ... .. -0.3648 (12)
Transverse CTE ... . 18.2466 (%)
Longitudinal tensile strength (F1t) ......... .. ... ... ... 563.6400 ksi
Longitudinal compressive strength (Flc) ..., 595.0256 ksi
Transverse tensile strength (F2t) ....... . ... 6.5785 ksi
Transverse compressive strength (F2c) ....... ...l 19.0682 ksi
In-plane shear strength (F6) ......... ... i 5.8176 ksi

Material deposition direction is the variable that dictates the overwraps performance

in a specific loading case. For pressure vessels, stress components are considered in
the the hoop and longitudinal directions. The stresses are described by the

following equations in which oy,0, and 04,4 are mutually orthogonal:

Pr

Ohoop = 7 (4.11)
_ Pr
Olong — ot (4.12)

Because the fiber is deposited at an angle «, the area relationships shown in figure
exist. Because stress is defined as force divided by area, the orientation of the fibers
area components drive the way stress is distributed into the fiber. Figure [£.3] indicates
that Ajon, = sec(a). Similarly, figure shows Apeep = csc(a). From these relations
and the definition of stress we get equations and
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Figure 4.3: Illustration of fiber loading area components

By referring to equations and one can see that hoop stress is double that
of longitudinal stress indicating the relationship between the two stresses shown in
equation [£.15] This results in the outcome shown in equation [4.16]

-2
Ohoop __ Of SN (Oé) . 2 _
T = (a) tan®(a) = 2 (4.15)

tan?(a) =2 . tan ' (V2) = a = |a = 54.74°|  (416)

This relationship has been discussed in many articles including [57), 58, [59] and is
generally regarded as the ideal loading angle for thin walled pressure vessels within a
single lamina. This will be the initial orientation considered during the analysis of the
pressure vessel. However, in reality to achieve even coating of the liner, the filament
winding angle must vary such that the layers to not continually deposit material on the
same paths. To compensate for this the mathematical relation show in equations
and applies for a multilayered overwrap with varying orientation and thickness [57].
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Thoop(t1 +t2 + ... +t,) = 041ty - sin” () +

2
0 pato - sin*(Q) + ... + T ppty - sin? () e

Olong(t1 +ta + ... +1t,) = o1ty - cos*(«)
+0 oty - cos* (@) + ... + Tty - cos* ()

Using these relations given by [57] one can generate a symmetric layup of fibers which
average to 54.74° emulating conditions of a 54.74° lamina. Because access to filament
winding software is cost prohibitive, the assumption that the dictated laminate will be
manufacturable with slight alteration by Blue Force Technologies is made. Without
access to filament winding software one is unable to determine the completed surface
profile.

The COPYV analysis scripts shown in code appendices [6.1.1] and [6.1.2] give an initial
estimate for a composite structure that would meet the requirements for each COPV.
Because both of the propellant tanks are under the same load, they have the same layups.
The initial estimate of a working layup for the propellant tanks is [+54.75]s. The initial
estimate of a working layup for the pressurant tank is [£54.753)s. This analysis tool was
built using classic laminate theory and analyzed using Tsai-Hill failure criteria. This
initial laminate design is only a starting place for laminate architecture and analysis
will reveal opportunities for improvement.

(4.18)

4.6 Parametric Model

To aid in revision of the design as the research on other parts of the rocket progress, all
COPVs have been modeled parametrically. Additionally, the information architecture
has been constructed in such that the update sequence is straight forward. This
update sequence is detailed in appendix The highest level of the design starts
with the COPV analysis scripts , entitled “Pressurant_COPV.m” and
“Propellant_COPVs.m”. These scripts perform an analysis of material usage, sizing, and
composite failure using classical laminate theory. The option exists to write the outputs
of these analysis scripts to the “Master.xlsx” Excel spreadsheet. The Master spreadsheet
contains all of the necessary information for the parametric model to update to the
design validated using the COPV analysis scripts.

The Master spreadsheet is linked in all of the design tables within the SolidWorks
part files. This allows for the user to easily update the CAD model based on the most
recent design verified as functional in the Matlab analysis scripts. Once all parts have
been updated as per the update sequence in appendix all configurations will
update to meet the new design. This process streamlines iterative design by eliminating
the need for re-modeling. However, large alterations to the design will require hand
updates of the models sketches and all related updates to configurations within the
design tables.
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4.7 Analysis and Revision

4.7.1 Loading Validation

When considering loading validation of a composite, a failure criteria must be selected.
Failure criteria, based on individual ply failure take three main forms: maximum stress,
maximum strain, and interactive models. The earliest and simplest forms of failure
analysis are max stress and max strain, which are exactly as they sound. These methods
analyze failure directly on the failure strengths and strains of the material. Whichever
loading component be it tensile, compressive, or shear (stress or strain) reaches its limit
first is the basis for ply failure. The interactive models consider the affect that each
loading component has simultaneously and bases ply failure on exceeding a laminate
failure mode index value of one for which the terms of the interactive models sum to.
The most commonly used interactive models are the Tsai-Hill and Tsai-Wu models.

Image [4.4] shows a direct comparison of the shear failure estimates using each of the
four aforementioned failure criteria. Image is a comparison of the predicted tensile
failure loads. Tsai-Hill has been selected for testing as it offers a conservative value for
tensile failure which is the primary loading condition the overwraps will face in this
analysis. Additionally, the Tsai-Hill criteria offers a conservative estimate for shear for
angles less than ~40° and greater than ~50°.

For interactive models such as Tsai-Hill and Tsai-Wu, ply failure is indicated through
use of a laminate failure index. Each term in these interactive models which represent
stresses sum to produce this laminate failure index. Ply failure, occurs when the value
of the laminate failure index exceeds a value of 1. In this analysis, laminate failure will
be declared if any lamina within the laminate fails. All FEA images shown within this
analysis show the laminates failure index using this criteria.

Comparisan of predicted shear strengh by fabure crinra

o

Figure 4.4: Failure criteria shearing failure load comparison for AS4/3051-6 unidirectional
composite
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Comparisen of prodicted tenslle strength by fallure criteria

Figure 4.5: Failure criteria tensile failure load comparison for AS4/3051-6 unidirectional
composite

Because this overview of failure criteria has been high level and brief, it is suggested
that before the reader performs an analysis of their own, a study on these criteria
should be done to gain a full understanding before selection for a given case. Mechanical
analysis was performed using FEMAP, a CAE software with robust composite analysis
features. Because FEMAP uses the same classical laminate theory as the COPV analysis
Matlab scripts, in code appendices and [6.1.2] the results between the two analysis
are very similar.

However, FEMAP offers a visualization of the analysis which the tool cannot provide.
Additionally, the output is given in a GUI which gives the user an opportunity to vary
the laminate architecture relatively simply. Potentially the most important advantage of
a finite element analysis tool over the Matlab analysis scripts is that the FEA software
accounts for part geometry. Because the analysis scripts consider only a planar, unit
section with planar loading, part complexities such as holes or curvature cannot be
accounted for.

The first iteration of analysis was performed on the initial design previously stated.
Because FEMAP was able to account for part geometry where the analysis tool could
not, the initial laminate architectures failed the analysis. Because both propellant
tanks face the same pressures and have the same overwrap architecture, the output
from FEMAP was identical between the two with the only difference being a longer
midsection for the HTP tank. Because of this, both propellant tanks will be discussed
interchangeably, and the images of each apply to the other.

In the first analysis, a uniform internal pressure of MEOP was applied to both the
propellant and pressurant overwraps. The results of this analysis can be seen in figures
and [£.7. As can be seen in these images, the laminate failure mode index, and by
virtue stress has an uneven distribution with concentrations at the transition from the
cylinder to the hemispherical tank head and around the constrained openings.
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This uneven distribution of stress is purely geometric. If one considers a single
lamina as has been explained previously one would expect the optimal fiber orientation
to be tan~'(v/2). When a laminate is created the average optimal orientation becomes
tan~'(v/2); However, variance of lamina to angles other than tan~'(1v/2) but average
to tan~'(v/2) provides the opportunity for a thinner laminate that meets loading
requirements.

(a) undeformed (b) deformed

Figure 4.6: RP1 overwrap design 1 FEA results 1000 psi

(a) undeformed (b) deformed

Figure 4.7: N2 overwrap design 1 FEA results 1000 psi
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This uneven distribution of stress is more pronounced in the N2 tank shown in figure
because the testing pressure is higher, and therefore the thickness of the laminate is
greater. To combat this uneven distribution of stress and as a result wasted material,
the composites angles were varied. To accomplish this, Excel solver was used to predict
the number of plies in each direction that would produce the best results.

In Excel, orientation angle limits were set at 15° < o < 75° and this condition was
applied to two variable angles a; and as. Ply count limits for each angle were set to
10, and all values (both ply count and angle) were constrained to integer values. The
objective was then set to 55 degrees. The function to optimize was a = (ay - count; +
Qg - county) /(county + county). The result was a; = 15° at 5 plies and ay = 75° at 10
plies. It is not surprising that the count for the fiber primarily reinforcing the hoop
direction was double that of the fiber count for the orientation primarily reinforcing the
longitudinal direction.

Using this as a basis some experimentation was done to find the best placement
of the lamina within the laminate in the approximate proportion output by the Excel
solver to find the most even stress distribution with the thinnest symmetric overwrap. It
turned out that the stress distribution is most even when the longitudinal reinforcements
(v = 15°) are furthest from the plane of symmetry meaning that they are the first
and last plies laid, and the hoop reinforcement (o« = 75°) was in the middle of the
laminate. This pattern for ply distribution is common for both propellant and pressurant
overwraps.

Through experimentation using the aforementioned technique, a laminate structure of
[£15/+£753]; for the propellant overwrap and [£1559/ —15/£7512/75|s for the pressurant
overwrap was developed. This structure eliminates 4 plies from the propellant tanks and
24 plies from the pressurant tank resulting in an approximate weight savings of 25.951b
from the HTP tank, 5.651b from the RP-1 tank, and 21.10lb from the N2 tank or a
combined weight of 52.691b while producing stronger and more evenly stress distributed
overwraps. Results of these FEMAP analyses at MEOP can be seen in images |4.8 and
4.9

As per the system constrain the tanks must be rated with a safety factor of
1.426 meaning that the propellant overwraps must be validated to a pressure of 1426 psi
and the pressurant overwrap must be validated to a pressure of 8550 psi. The results of
these FEMAP analyses are shown in figures and for RP-1, HTP, and N2
overwraps respectively.

At this time LRL has yet to complete the dynamic model to give an estimate of
maximum acceleration. Additionally, the design of the airframe sections connecting
the COPVs to one another and to other components of the rocket have yet to be
designed. Therefore, compression analysis cannot be done to evaluate the validity of the
COPVs acting as structural sections. After the dynamic model is completed, and after
a rough estimate of the rockets component masses along with a full stack layout has
been designed, compressive simulation and related design adaptation can commence.
Additionally it will be important to model the COPVs with the liners. The setup for
this within FEMAP is more difficult and is currently in progress.
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(a) undeformed (b) deformed

Figure 4.8: RP1 overwrap design 2 FEA results 1000 psi

(a) undeformed (b) deformed

Figure 4.9: N2 overwrap design 2 FEA results 6000 psi
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Figure 4.10: Undeformed RP1 overwrap design 2 FEA results at 1426 psi




Figure 4.11: Undeformed HTP overwrap design 2 FEA results at 1426 psi




Figure 4.12: Undeformed N2 overwrap design 2 FEA results at 8550 psi
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4.7.2 Flow Analysis

Implementing flow analysis through the use of computational fluid dynamics (CFD)
allows for a study of fluid motion within the propellant tanks. The most applicable
study type for this application is a transient analysis examining the fluid characteristics
within a draining vessel. The analysis performed was conducted within SolidWorks Flow
Simulation. An attempt was made to perform the analysis within Ansys Fluent, however
due to the relatively small feature sizes of the baffling system in comparison to the
relatively large size of the HTP tank, meshing exceeded the RAM of available computers.
Because Fluent utilizes a more detailed engine than SolidWorks Flow Simulation, it is
likely that available computers would not possess sufficient processing power to run the
simulation within Fluent in a reasonable time as it took nearly 24 hours in SolidWorks.

Setting up the simulation, water was used in place of HTP and RP-1 as sufficient
material information was not available. This should not have appreciable affect in the
result of the transient analysis but should be noted. Because N2 flow into the propellant
tanks will be regulated to 1000 psi, a static pressure condition was applied to each of the
tanks. The volumetric flow rate of the waters expulsion was limited to the volumetric
flow rates for each propellant into the engine. The simulation was run for 105 seconds
to evaluate the tanks performance throughout the entirety of a burn cycle.

The immediately apparent fluid concern that arose as a result of the CFD analysis
was the intense disruption of the fluids surface with a high fluid level in the tank. Figure
[4.13] shows the fluid surface of the HTP approximately four seconds into the burn
cycle. It is clear that the nitrogen is flowing into the tank at a high velocity creating a
disruption in the fluids surface. This disruption may be a source for slosh. Additionally
the high velocity of the nitrogen may infuse the HTP with nitrogen bubbles possibly
causing combustion instability near the end of the burn cycle.
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Yelocity (infs]

CutPlot 2: contours

Figure 4.13: Isosurface for high fluid level HTP
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The disruption within the HTP tank is caused by the high volumetric flow rate of
the HTP (approximately 395.13 in®/sec) creating a void within the tank which must be
filled. An image depicting the discrepancy in flow velocity between the two propellants
is shown in figure [4.15 Nitrogen rushes in to fill this void at a high velocity which in
turn creates disruption. To overcome this disruption a diffuser can be used. A diffuser
acts to distribute the incoming gas over a greater area rather than in a single stream in
turn distributing and dampening the disruption. As the tank level lowers the stream of
incoming nitrogen becomes more diffuse. By about 20 seconds into the burn the surface
of the HTP becomes stable. This stability is shown in Figure
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CutPlot 2: contours

Figure 4.14: Stabilized isosurface for HTP

Because the RP-1 tank has relatively low volumetric flow rate of approximately 56.45
in3/sec, or 1/7" of the HTP flow rate, the surface remains relatively stable throughout
the entirety of the burn cycle. Because less volume needs to be replaced the velocity of
the incoming N2 is much lower. However it is recommended that both the HTP and
RP-1 tanks implement check valves or similar one way flow systems to avoid backflow
into the pressurant lines where the propellants could potentially mix. The design of
both diffusers and one way flow mechanisms will be the focus of future studies.

Figure 4.15: Propellant exit velocity at engine inlet
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Figure 4.16: Fluid velocity within the RP1 tank with fluid level near top baffle

In both propellant tanks the liquid forms vortices and recirculates beneath the
circumferential baffles as shown in figure |4.16, Because neither heat transfer nor mid
tank flow state are of great concern the formation of these vortices should not pose a
problem; However they are noteworthy in the event that requirements change in the
future. This simulation implies that the tank design provides no undue restriction of
flow fulfilling the functional requirement for mass flow rate [2.1.3] Additionally this
partially statisfies the constraint of functionality at MEOP [2.1.1]
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4.8 Conclusion

4.8.1 Final Designs

RP1 Tank

Figure 4.17: Final RP1
tank design cross section

’ Specification Value \ Unit ‘
Weight 33.27 b
Total Height 21.991 in
Overwrap fiber Toray T1000G -
Overwrap matrix Epoxy 3501-6 -
Laminate structure [£15/ + 753]s -
Overwrap outer radius 8.000 in
Lamina count 16 ct
Lamina thickness 0.010 in
Laminate thickness 0.160 in
Liner material 6061 aluminum -
Liner outer radius 7.840 in
Liner inner radius 7.800 in
Liner thickness 0.040 in
Cylinder length 20.133 in
Baffle material 6061 aluminum -
Baffle count 2 ct
Baffle thickness 0.100 in
Baffle outer radius 7.800 in
Baffle width 2.000 in
Baffle spacing 20.133 in
Vertical baffle material | 6061 aluminum -
Vertical baffle count 8 ct
Vertical baffle shape Angle -
Vertical angle thickness 0.125 in
Vertical angle width 1.000 in
Vertical angle length 20.133 in
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HTP Tank

Figure 4.18: Final RP1
tank design

’ Specification Value \ Unit ‘
Weight 188.82 b
Total Height 220.895 in
Overwrap fiber Toray T1000G -
Overwrap matrix Epoxy 3501-6 -
Laminate structure [£15/ £ 753)s -
Overwrap outer radius 8.000 in
Lamina count 16 ct
Lamina thickness 0.010 in
Laminate thickness 0.160 in
Liner material 6061 aluminum -
Liner outer radius 7.840 in
Liner inner radius 7.800 in
Liner thickness 0.040 in
Cylinder length 201.118 in
Baffle material 6061 aluminum -
Baffle count 10 ct
Baffle thickness 0.100 in
Baffle outer radius 7.800 in
Baffle width 2.000 in
Baffle spacing 201.118 in
Vertical baffle material | 6061 aluminum -
Vertical baffle count 8 ct
Vertical baffle shape Angle -
Vertical angle thickness 0.125 in
Vertical angle width 1.000 in
Vertical angle length 201.118 in
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N2 Tank

’ Specification Value \ Unit ‘
Weight 64.59 b
Total Height 31.987 in
Overwrap fiber Toray T1000G -
Overwrap matrix Epoxy 3501-6 -
Laminate structure [£1510/ — 15/ £ 7512/75]s | -
Overwrap outer radius 8.000 in
Lamina count 72 ct
Lamina thickness 0.010 in
Laminate thickness 0.720 in
Liner material 6061 aluminum -
Liner outer radius 7.280 in
Liner inner radius 7.240 in
Liner thickness 0.040 in
Cylinder length 13.693 in

Drawings for this assembly can be found in appendix [6.2.1]

Figure 4.19: Final
RP1 tank design
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4.8.2 Future work

Because the design created within this project is preliminary, there is substantial work
left to be done before the design can be manufactured. More in-depth analysis must be
performed on the system. A full pressure analysis considering the interaction between
the liner and overwrap is the next step as all information is present to complete this.
This analysis is underway, however current limitations are access to computing power
and time. As COVID-19 restrictions ease, access to more powerful computers will
become available.

Another analysis that must be performed in the future is combined loading analysis.
Once the dynamic model for the rocket has been created, a time dependent loading
model must be developed to determine maximum loading conditions throughout the
flight. These include inertial compressive loads and bending moments which may be
imposed due to GNC systems, gust, or normal aerodynamic loads.

Vibratory data must be collected from the engine during hot static fires to determine
engine vibration frequency. Ideally a scale model of the rocket will be wind tunnel tested
to determine if there is resonant drag instability. With knowledge of these vibratory
modes, the system can be designed to avoid matching resonant frequencies. This will
include possible alteration to baffling to avoid slosh.

Airframe integration is another area of work that must be focused on. Several
concepts have been developed by LRL structures team members, but before the COPVs
can be produced, a fully developed plan for integration must be laid out. This too
will affect loading conditions as it will define the constraints through which loads are
transmitted to the COPVs.

Yet another line of inquiry that must be pursued is plumbing integration. The
propulsion team must work with the structures team to determine how this will happen.
These decisions will change the polar boss design. Stainless steel plumbing will require a
material transition from the aluminum boss. Additionally, expansion and contraction of
the system must be considered as lines run through both of the propellant tanks meaning
all joints cannot be welded. This will likely require the use of a mix of welds or threads
and expansion joints at the orifices in the polar bosses. Material mismatch between the
aluminum bosses and stainless plumbing will be another challenge to overcome.

Finally as LRL is in transition from SolidWorks to Siemens NX, the parametric
model must be recreated within NX. Though not particularly difficult, this task requires
considerable thought to ensure that updates do not break the model. Because almost
none of LRIL’s membership have experience with NX, this exercise may be useful as a
training tool for proper modeling and assembly management techniques.
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4.8.3 Closing summary

This report has been an extensive study to create a preliminary design of COPVs for the
Liquid Rocketry Lab launch vehicle. This report presented specifications for which the
COPVs must adhere to maintain functionality. This definition of specifications derived
from the problem space helped define possibilities within a solution space.

The report continued to trade studies to narrow the solution space through careful
examination of options with demonstrated utility in similar applications. In these trade
studies were an exhaustive look at some of the tough questions which needed to be
answered to come up with a feasible design. Conclusion of these trade studies marked
entrance into the design phase and provided a foundation to design from.

The design stage commenced with conceptualization of the design by evaluating
realities of the application. The conceptualized design was then parametrically modeled
in SolidWorks. This design was analyzed for its viability, and corrections were made to
the design to update it based on discoveries made in analysis. This analysis and update
cycle will continue as more information on the application is realized. Suggestions for
future work to conduct before manufacturing have been suggested to aid in project
continuity.
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Appendices

6.1 Code

6.1.1 Propellant COPV Analysis Script - MATLAB

%% Liquid Rocketry Lab John Slugg 10/23/2020
%ot Propellant COPVs

clear;

clc;

% Write output to Excel? 1 = Yes, 0 = No

Write_to_Excel = O0;

%% ROCKET RADIUS INPUT

Aero_Optimum_Radius = 8; YJinches
fprintf ('Rocket external radius = %0.4f in\n',...
Aero_Optimum_Radius)
fprintf ('%s\n',"'")
%% PROPELLANT COPV CALCULATIONS
fprintf ('J%s\n','--------------—---—- Propellant COPVs ----------------————-

WILLLLTLTLLL70707 7777777777777 777777777777777777777777777777777777777777777

%% Initial Conditions

HTP _Vol _L = 647 .5 e oottt e e e e e e e e e e e e e e e e e e e e Liters
HTP_Volume = HTP_Vol_L* 61.0237; e v v ittt et e e et e e e e e in~3
HTP_Density = 0.02926311; ... .. i 1b/in"3
HTP_Mass = HTP_Density*HTP_Volume; /. ........uiuuiniiiinennnennenn.. lbm
HTP_Kg = HTP_Mass*0.453592; /.. ... ... . i Kg

RP1 _Vol L = 92.5; ettt e e e e e e e e Liters
RP1_Volume = RP1_Vol_L* 61.0237; . ..ottt et in~3
RP1_Density = 0.0520233; ...ttt 1b/in"3
RP1_Mass = RP1_Density*RP1_Volume; /. ....... ..., 1bm
RP1_Kg = RP1_Mass*0.453592; /. ... ... i Kg
Total_Propellant_Mass = HTP_Mass + RP1_Mass; J....... ... lbm

Propellant_Mix_Ratio_Vol = (HTP_Vol_L/RP1_Vol_L);
fprintf ('Propellant mix ratio by volume (HTP:RP-1) = %0.2f:1\n"',...
Propellant_Mix_Ratio_Vol)
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%% Laminate Properties

% NOTE: ORIENTATION AUTOMATICALLY PRODUCES A SYMMETRIC MATRIX. TO AVOID
% THIS COMMENT 0OUT THE LINES THAT ARE FOLLOWED BY THE COMMENT "symmetry"

Orientation = [15 -15 75 -75 75 =75 75 =75]; J................. degrees
%0rientation = [15 -15 75 =75 75 =75 75 =751]; e, degrees
Orientation_flip = fliplr(Orientation); hsymmetry
Orientation = [Orientation Orientation_flip]; hsymmetry

Lamina_Thickness = cell(1l,length(Orientation));
for k = 1:length(Orientation)

Lamina_Thickness{k} = 0.01; ... ... .. .. in
end
Laminate_Thickness = sum(cat(3,Lamina_Thickness{:}),3);
Number_of_plies = numel(Orientation);
Fiber_Volume_Fraction = 0.61;
Matrix_Volume_Fraction = 1 - Fiber_Volume_Fraction;
%% Tank Properties

MEOP = 1000; ¥%Psi
Liner_thickness = 0.040; %in

Radius = Aero_Optimum_Radius-Laminate_Thickness; %.................. in
Inner_Radius = Radius - Liner_thickness; ... ..., in
Midsection_Height _RP1 = (RP1_Volume - ((4/3)*pi()*Inner_Radius~3)/2)/...
(pi()*Inner_Radius”2); Jh........ ... ... ... ... in
Midsection_Height _HTP = (HTP_Volume - ((4/3)*pi()*Inner_Radius~3)/2)/...
(pi(O*Inner_Radius™2); /. ... .. in

Liner_Material = 1;

%Liner material options
% 1 = Aluminum

% 2 Stainless

% 3 = PVC

%Common Bulkhead Tank Dimensions

%Hemispherical tank head assumed

Height _HTP_CB = Aero_Optimum_Radius + Midsection_Height_HTP; /A in
Height _RP1_CB Aero_Optimum_Radius + Midsection_Height_RP1; /A in
Total_Tank_Height_CB Height _RP1_CB + Height_HTP_CB; ’in
Midsection_Height _CB = Midsection_Height_HTP + Midsection_Height_RP1; %in

%Individual Tank Dimensions
%Hemispherical tank head assumed

Height _HTP_IT = 2%Aero_Optimum_Radius + Midsection_Height_HTP; % ....in
Height _RP1_IT = 2%Aero_Optimum_Radius + Midsection_Height_RP1; % ....in
Combine_Tank_Height_IT = Height_RP1_IT + Height HTP_IT; Z%........... in

Midsection_Height _IT = Midsection_Height_HTP + Midsection_Height_RP1; Jin

%% Baffle System volume and mass contribution

Vertical_Angle_Count = 8;
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Vertical_Angle_Width = 1; %in

Vertical_Angle_Thickness = 0.125; Jin

Verticle_Angle_Area = 2x(Vertical_Angle_Width*Vertical_Angle_Thickness)...
- Vertical_Angle_Thickness~2; %in

Baffle_Width = 2; %in

Baffle_Thickness = .125; %in

Baffle_Spacing = 24; 7in

Baffle_Volume = pi()*(Inner_Radius~2 - (Inner_Radius-Baffle_Width)~2);%in"3

Volume_difference_HTP 1;
Volume_difference_RP1 1;
while Volume_difference_RP1 < 99 | Volume_difference_RP1 > 101

Vertical_Angle_Length_RP1 = Midsection_Height_RP1; %in
Vertical_Angle_Volume_RP1 Verticle_Angle_Area*Vertical_Angle_Length_RP1;%in"3

Baffle_Count_RP1 = floor (Midsection_Height_RP1/Baffle_Spacing)+1;%in"3
Baffle_Volume_RP1 = Baffle_Volume*Baffle_Count_RP1; %in~3

Baffle_System_Volume_RP1 = Baffle_Volume_RPl+Vertical_Angle_Volume_RPl;%in‘3

Volume_difference_RP1 = ((4/3)*pi()*Inner_Radius~3)+...
Midsection_Height _RP1*pi()*Inner_Radius 2-...
(RP1_Volume+Baffle_System_Volume_RP1);

if Volume_difference_RP1 < 99

Midsection_Height _RP1 = Midsection_Height_RP1 + 0.01;
elseif Volume_difference_RP1 > 101

Midsection_Height _RP1 = Midsection_Height_RP1 - 0.01;
end
end

while Volume_difference_HTP < 99 | Volume_difference_HTP > 101

Vertical_Angle_Length_HTP Midsection_Height _HTP; %in
Vertical_Angle_Volume_HTP = Verticle_Angle_Areax*Vertical_Angle_Length_HTP;%in"3

Baffle_Count_HTP = floor(Midsection_Height_HTP/Baffle_Spacing)+1;%in"3
Baffle_Volume_HTP = Baffle_Volume*Baffle_Count_HTP; %in~3

Baffle_System_Volume_HTP = Baffle_Volume_HTP+Vertical_Angle_Volume_HTP;%in‘S

Volume_difference HTP = ((4/3)*pi()*Inner_Radius~3)+...
Midsection_Height HTP*pi ()*Inner_Radius”2-...
(HTP_Volume+Baffle_System_Volume_HTP);

if Volume_difference_HTP < 99

Midsection_Height _HTP = Midsection_Height_HTP + 0.01;
elseif Volume_difference_HTP > 101

Midsection_Height _HTP = Midsection_Height _HTP - 0.01;
end
end

%% Probability of Failure Analysis
% Variable Initiation

Material = 1;

yA 1 = Carbon Fiber / Epoxy

% 2 = Kevlar Fiber / Epoxy
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YA 3 = Glass Fiber / Epoxy

Expected_Burst_Strength = MEOP*1.075; 7 ....... ... ... .. ... Psi
Percent _ULT = (MEOP/Expected_Burst_Strength)*100;

Loading _Time = 1; .ttt e e e Hours
if Material == 1

fprintf ('Material: Carbon Fiber / Epoxy\n')

Alpha = 0.20;

Beta = (1.4%(10°51))*(10"(-0.515%xPercent_ULT));
else if Material == 2

fprintf ('Material: Kevlar Fiber / Epoxy\n')

Alpha = 0.93;

Beta = (2.0%(10°18))*(10°(-0.198*Percent_ULT));
else if Material == 3

fprintf ('Material: Glass Fiber / Epoxy\n')

Alpha = 1.00;

Beta = (1.4%(10°13))*(10~(-0.158*Percent_ULT));

else
fprintf ('Error: Please Select Material Option\n')
end
end
end
fprintf ('Maximum Expected Operating Pressure = %0.2f Psi\n',...
MEOP)
% fprintf ('Expected Burst Pressure = %0.2f Psi\n',...
% Expected_Burst_Strength)
fprintf ('Percent loading of ultimate burst strength = %0.3f \n',...
Percent_ULT)
Probability_of_Survival = exp(-((Loading_Time/Beta)) Alpha);
while Probability_of_Survival<0.999
Percent _ULT = (MEOP/Expected_Burst_Strength)*100;
if Material == 1
Alpha = 0.20;
Beta = (1.4%(10°51))*(10"(-0.515*xPercent_ULT));
else if Material == 2
Alpha = 0.93;
Beta = (2.0%(10718))*(10"(-0.198*Percent_ULT));
else if Material == 3
Alpha = 1.00;
Beta = (1.4%(10713))*(10"(-0.158*xPercent_ULT));
else
fprintf ('Error: Please Select Material Option\n')
end
end
end
Probability_of_Survival = exp(-((Loading_Time/Beta)) Alpha);
Expected_Burst_Strength = Expected_Burst_Strength+1; 7/............. Psi

end

fprintf ('Required Burst Strength Survive Prob. of 0.999 = %0.2f Psi\n',...
Expected_Burst_Strength)

Pressure = Expected_Burst_Strength;

%% Material Properties

% Reference: Daniel, I. M., and Ishai, 0., 2006, Engineering Mechanics
YA of Composite Materials, Oxford University Press, New York.
yA Table A.2 & Table A.3

%% Reinforcement: AS4 Carbomn Fiber
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Fiber_Density =

Fiber_Longitudinal_Modulus =
Fiber_Transverse_Modulus =

Fiber_Axial_Shear_Modulus =
Fiber_Transverse_Shear_Modulus =

Fiber_Poissons_Ratio

Fiber_Longitudinal_Tensile_Strength =
Fiber_Longitudinal _CTE =

Fiber_Transverse_CTE

%% Reinforcement:
Fiber_Density =

Fiber_Longitudinal_Modulus =
Fiber_Transverse_Modulus =

Fiber_Axial_Shear_Modulus =
Fiber_Transverse_Shear_Modulus =

Fiber_Poissons_Ratio =

Fiber_Longitudinal_Tensile_Strength =

Fiber_Longitudinal _CTE
Fiber_Transverse_CTE =

%%h Matrix:
Matrix_Density =
Matrix_Youngs_Modulus
Matrix_Shear_Modulus =
Matrix_Poissons_Ratio

Matrix_Tensile_Strength
Matrix_Compressive_Strength =

Matrix_Shear_Strength
Matrix_CTE =

%% Liner

if Liner_Material == 1;

% 6061-T6 Almuminum
Liner_Density =
Liner_Youngs_Modulus =
Liner_Shear_Modulus =

Liner_Shear_Strength =
Liner_Poissons_Ratio =

else if Liner_Material

% 304 Stainless Steel

Liner_Density = 0.289;
Liner_Youngs_Modulus =
Liner_Shear_Modulus =

Liner_Poissons_Ratio =

else

% Rigid PVC
Liner_Density = 0.050;
Liner_Youngs_Modulus =

Liner_Tensile_Yeild_Strength =

Liner_Poissons_Ratio =
end
end

3501-6 Epoxy
0.0361273; e v vttt 1b/in"3

25; ... ..
Matrix_Glass_Transition_Temperture =
Matrix_Maximum_Use_Temperature =

0.0975;

3770000;
Liner_Tensile_Yeild_Strength =

1.25%(1077);
Liner_Tensile_Yeild_Strength =

0.0647 5 oo v et e e e e e e e e 1b/in"3
3.408%(1077) ;5 hevvivii i Psi
2.176%(1076) ;5 e v v v i Psi
3.916%(1076) ;5 v v v i Psi

1.015%¥(1076) 5 Shevveveennnn.. Psi
= 0.2;

536640; Yhev i Psi;
-0.3; %((10°-6)/F)

= 8.3; %((10°-6)/F)

Toray T1000G Carbon Fiber
0.0650291; ..ot 1b/in"3

43%(10°6) ;
2.176%(1076) ;5 e v e Psi

3.916%(1076) ;5 he v v Psi
1.015%x(1076) ;5 %hev v, Psi
0.2;

= =08 e e (10°-6)/F
8.3;

B23662; oo e Psi
232060 ; e e Psi
0.35;

= 10007 .65 oe e v Psi
29007 .5; e i i Psi
14503.8 ;5 e e e e e e Psi
...................................... (10°-6)/F
390; Jheiii (10°-6)/F
B00; Jhe it F

%1b/in"3
1%(10°7); UPsi
%Psi
40000;

%Psi

%Psi
30000;
0.33;

== 2;

%1b/in"3
2.8x(10°7); %Psi
%Psi
31200; %Psi

0.29;

%1b/in"3
435113; YPsi
5801; %Psi

0.32;
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%% Thermal Conditions
Cure_Temperature = 300; %F
Testing_Temperature = 72; JF

%% Variable Definitions
1t = Lamina_Thickness;J%inches

Lt = Laminate_Thickness;’%inches

Vf = Fiber_Volume_Fraction;

Vm = Matrix_Volume_Fraction;

E1f = Fiber_Longitudinal_Modulus;’%Psi

E2f = Fiber_Transverse_Modulus;%Psi

G12f = Fiber_Axial_Shear_Modulus;/Psi

G23f = Fiber_Transverse_Shear_Modulus;/%Psi
v12f = Fiber_Poissons_Ratio;

Fi1ft = Fiber_Longitudinal_Tensile_Strength;%Psi
alf = Fiber_Longitudinal CTE*10"-6;%(/F)

a2f = Fiber_Transverse_CTE*10"-6;%(/F)
pm = Matrix_Density;%1lb/in"3

Em = Matrix_Youngs_Modulus;/Psi

Gm = Matrix_Shear_Modulus;’Psi

vm = Matrix_Poissons_Ratio;

Fmt = Matrix_Tensile_Strength;/Psi

Fmc Matrix_Compressive_Strength;%Psi
Fms Matrix_Shear_Strength;/Psi

am = Matrix_CTE*10"-6;%((10°-6)/F)

Tg = Matrix_Glass_Transition_Temperture;%F
Tmax = Matrix_Maximum_Use_Temperature;%F
Ttest = Testing_Temperature;/F

Tcure = Cure_Temperature;%F

%% Lamina Level Properties

El = VEf*E1f+Vm*Em;

E2 = (Em*E2f)/(VEf*Em+Vm*E2f) ;
G12 = (Gm*G12f)/(VEf*Gm+Vm*G12f);
v1i2 = VE*xv12f+Vm*vm;

v21 = (E2*xv12)/E1l;

Q11 = (E1./(1-v12.%xv21));
Q12 = (v12.%E2)./(1-v12.%v21);
Q22 = (E2./(1-v12.xv21));

Q66 = G12;

m = cosd(Orientation);

n = sind(Orientation);

Zero = zeros(1l,Number_of_plies);
One = ones(1l,Number_of_plies);

for k = 1:Number_of_plies

Qp = [Q11#0ne Q12*0One Zero;Q12*0ne Q22*0ne Zero;Zero Zero Q66*0nel;
end

for k = 1:Number_of_plies

Q{k} = Qp(:,[k k+Number_of_plies k+2*Number_of_plies]);

end

Qliibar = Q11.*(m."4)+2*x(Q12+2%Q66) .*(m."2).*(n."2)+Q22.*x(n."4);
Q12bar (Q11+Q22-4*Q66) .*(m."2) .*(n."2)+Q12.*((n."4)+(m."4));
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Q22bar = Q11.*(n."4)+2*(Q12+2*%Q66).*x(m."2) . *(n."2)+Q22.*(m."4);
Q16bar = (Q11-Q12-2%Q66).*(m."3).*n+(Q12-Q22+2*Q66) .*m.*(n."3);
Q26bar = (Q11-Q12-2%Q66).*(n."3).*m+(Q12-Q22+2*Q66) .*n.*x(m."3);
Q66bar = (Q11+Q22-2%Q12-2*%Q66) .*(m."2).*(n."2)+Q66.*x((n."4)+(m."4));

Qb = [Qlibar Q12bar Q16bar;Q12bar Q22bar Q26bar;Q16bar Q26bar Q(66bar];
Qbar = cell (Number_of_plies ,1);

for k = 1:Number_of_plies

Qbar{k} = Qb (:,[k k+Number_of_plies k+2*xNumber_of_plies]);

end
%% Lamina Properties Text Output
yA fprintf ('%s\n','----------- Principal Lamina Level Properties ------------
% fprintf ('Longitudinal Modulus (E1) = %0.4f Psi\n',E1(:,1))
% fprintf (' Transverse Modulus (E2) = %0.4f Psi\n',E2(:,1))
% fprintf ('Shear Modulus (G12) = %0.4f Psi\n',G12(:,1))
% fprintf ('Poissons ratio (v12) = %0.4f \n',v12(:,1))

%% Lamina Thermal Properties
al = (Elf*xalf*xVf+Em*am*Vm)/(E1f*Vf+Em*Vm) ;

a2 = al2f*VEx(1+v12f=*x(alf/a2f))+am*Vm*(1+vm) - (v1i2f*VE+vm*Vm)*. ..
((Elf*xalf*Vf+Em*am*Vm)./E1);
%% Lamina Thermal Properties Text Output
% fprintf ('Longitudinal CTE = %0.4f (10°-6/F) \n',al(:,1)*1076)
% fprintf (' Transverse CTE = %0.4f (10"-6/F) \n',a2(:,1)*x1076)

%% Lamina Strengths
%% Principal Longitudinal Tension
% Fiber First Criteria
Fit_ff = F1ft*xVf; Y for E1f >> Em
% Matrix first Criteria
Fit_mf = Fmt*x(VEf*x(E1f/Em)+Vm); Yfor strain ult(fiber > matrix)

% Failure mode
if E1f > Emx*10
Fit = Fi1t_ff;
else Flt = Flt_mf;
end

%% Principal Longitudinal Compression
% High Fiber Volume Fraction
Flc_LVE = 2*xVE*((Em*E1£f*Vf)/(3*Vm))~(1/2);
% Low Fiber Volume Fraction
Flc_HVf = Gm/(Vm);

% Failure mode
if Vf >= 0.30
Flc Flc_HVf;
else
Flc = Flc_LVf;
end

%% Principal Transverse Tension
K_sigma = (1-Vf*(1-(Em/E2£)))/(1-((4*VE)/pi (D)~ (1/2)*(1-(Em/E2f)));
K_epsilon = 1/(1-((4*VE)/pi())~(1/2)*(1-(Em/E2£)));
% assuming no residual radial stress
F2t = (1/K_sigma)*Fmt;

%% Principal Transverse Compression
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% assuming no residual radial stress
F2c = Fmc/K_sigma;

%% Principal In-Plane Shear
K_tau = (1-VEx(1-(Gm/G12£f)))/(1-((4*VE)/pi (D)~ (1/2)*x(1-(Gm/G12f)));
F6 = Fms/K_tau;

%% Lamina Strength Text Output

% fprintf ('Longitudinal tensile strength (F1t) = %0.4f Psi\n',Fit)

% fprintf ('Longitudinal compressive strength (Flc) = %0.4f Psi\n',Flc)
% fprintf (' Transverse tensile strength (F2t) = J0.4f Psi\n',F2t)

% fprintf (' Transverse compressive strength (F2c) = J0.4f Psi\n',F2c)

% fprintf ('In-plane shear strength (F6) = J0.4f Psi\n',6F6)

%% Laminate ABD Matrix
% fprintf ('%s\n','")
% fprintf('--------------- Laminate ABD Matrix -—------————————- N

zk = cell(Number_of_plies,1);

zk{1} = 1t{1};

for k = 2:Number_of_plies
zk{k} = 1t{k} + zk{k-1};

end
zk = cell2mat(zk) - Lt/2;
zk_1 = zk - cell2mat(reshape(lt, [Number_of_plies,1]));

zk = num2cell (zk);
zk_1 = num2cell(zk_1);

A = cell(Number_of_plies,1);
for k = 1:Number_of_plies
A{kx} = Qbar{k}*(zk{k}-zk_1{k});

A = sum(cat(3,A{:}),3);
ACA < 10°-12 & A > -10"-12) = 0;

B = cell(Number_of_plies,1);
for k = 1:Number_of_plies
B{k} = 1/2.*(Qbar{k}*(zk{k}. "2 - zk_1{k}."2));

B = sum(cat(3,B{:}),3);
B(B < 10°-12 & B > -10"-12) = 0;

D = cell(Number_of_plies,1);
for k = 1:Number_of_plies
D{k} = 1/3.*(Qbar{k}*(zk{k}. 3 - zk_1{k}."3));
end
D = sum(cat(3,D{:}),3);
D(D < 10°-12 & D > -10"-12) = 0;

ABD = [A B;B DJ;

%% Laminate Compliance Matrix

B_star = -(inv(A))*B;
B_star(B_star < 10°-12 & B_star > -10"-12) = 0;
C_star = B*(inv(A));
C_star(C_star < 10°-12 & C_star > -10"-12) = 0;

D_star = D - C_starx*B;
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D_star(D_star < 10°-12 & D_star > -10"-12) = 0;

= (inv(A))-(B_star*(inv(D_star)))*C_star;
= B_star*x(inv(D_star));

= -(inv(D_star))*C_star;

= inv(D_star);

Qa a0 op
I

%% Effective Laminate Properties

% fprintf ('%s\n','")

% fprintf ('%s\n','----------- Effective Laminate Properties
E_x = 1/(Lt*a(1,1));

E_y = 1/(Lt*a(2,2));

G_xy = 1/(Lt*a(3,3));

v_xy = -(a(2,1)/a(1,1));

v_yx = -(a(1,2)/a(2,2));

n_sx = a(1,3)/a(3,3);

if n_sx < 10°-12 & n_sx > -10"-12
n_sx = 0;

end

n_xs = a(3,1)/a(1,1);

if n_xs < 107-12 & n_xs > -10"-12
n_xs = 0;

end

n_ys = a(3,2)/a(2,2);

if n_ys < 10°-12 & n_ys > -10"-12
n_ys = 0;

end

n_sy = a(2,3)/a(3,3);

if n_sy < 10°-12 & n_sy > -10"-12
n_sy = 0;

end

%% Composite Density
Composite_Density = Vf*Fiber_Density + Vm*Matrix_Density;

%% Laminate Level Properties Output

% fprintf ('Axial modulus (Ex) = J0.4f Psi\n',E_x)

% fprintf (' Transverse modulus (Ey) = %0.4f Psi\n',E_y)

yA fprintf ('Shear modulus (Gxy) = %0.4f Psi\n',G_xy)

% fprintf ('Poissons ratio xy (vxy) = %0.4f\n',v_xy)

% fprintf ('Poissons ratio yx (vyx) = %0.4f\n',v_yx)

% fprintf (' Shear coupling coefficent (mnsx) = %0.4f\n',n_sx)

% fprintf ('Shear coupling coefficent (nxs) = %0.4f\n',n_xs)

yA fprintf ('Shear coupling coefficent (msy) = %0.4f\n',n_sy)

% fprintf (' Shear coupling coefficent (nys) = %0.4f\n',n_ys)

% fprintf ('Composite Density = %0.4f 1b/in"3\n',Composite_Density)

%% Thermal Analysis

%% Global CTEs
ax = al.*(m."2)+a2.*x(n."2);
ay = al.*x(n."2)+a2.*x(m."~2);

axy = 2x(al-a2).*m.*n;

dT = Cure_Temperature - Testing_Temperature;
ex = axx*dT;

ey = ayx*dT;

exy = axyx*dT;
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avg_ax = sum(ax)/Number_of_plies;
avg_ay = sum(ay)/Number_of_plies;

%fprintf ('Axial coefficient of thermal expansion = %0.4f\n',avg_ax*1076)
%fprintf (' Transverse coefficient of thermal expansion = %0.4f\n',avg_ay*1076)
ET = [ex;ey;exyl;
eT = cell(Number_of_plies,1);

for k = 1:Number_of_plies
eT{k} = ET(:,[k]);
end

%% Thermal Forces

NT = cell(Number_of_plies,1);

for k = 1:Number_of_plies

NT{k} = Qbar{k}*(eT{k})*1t{k};

end

NT = sum(cat(3,NT{:}),3);

NT(NT < 10°-12 & NT > -10"-12) = 0;

%% Thermal Moments

zk_bar = cell2mat (reshape(zk,[1,Number_of_plies])) - cell2mat(1lt)/2;
zk_bar (zk_bar < 10°-12 & zk_bar > -10"-12) = 0;
zk_bar = num2cell (zk_bar);

MT = cell(Number_of_plies ,1);

for k = 1:Number_of_plies

MT{k} = Qbar{k}*(eT{k})*zk_bar{k}*1t{k};
end

MT = sum(cat (3,MT{:}),3);

MT (MT < 10°-12 & MT > -10"-12) = 0;

%% Thermal Midplane Strain - Global Coordinates

Epsilon_O_T_xy = a*NT+bx*MT;

Epsilon_O_T_xy(isnan(Epsilon_0_T_xy)) = O0;

Epsilon_O_T_xy (Epsilon_0_T_xy < 10°-12 & Epsilon_0_T_xy > -10"-12) = 0;

%% Thermal Midplane Curvature - Global Coordinates
Kappa_T_xy = c*xNT+d*MT;

Kappa_T_xy(isnan(Kappa_T_xy)) = O;

Kappa_T_xy(Kappa_T_xy < 10°-12 & Kappa_T_xy > -10"-12) = 0;

%% Net Themal Strains in Lamina - Global Coordinates
Epsilon_T_xy = cell(Number_of_plies,1);

for k = 1:Number_of_plies

Epsilon_T_xy{k} = Epsilon_O_T_xy+1lt{k}*zk{k}*Kappa_T_xy;
end

%% Thermal Elasic Strains in Lamina - Global Coordinates
Epsilon_Te_xy = cell(Number_of_plies ,1);

for k = 1:Number_of_plies

Epsilon_Te_xy{k} = Epsilon_T_xy{k}-eT{k};

end

%% Residual Thermal Strains in Lamina - Principal Coordinates
Ti1 = m."2;

T12 = n."2;

T13 = 2*m.*n;

T23 = -2%m.*n;
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hh

N

T31 = -m.*n;
T32 = m.*n;
T33 (m."2)-(n."2);

trans = [T11 T12 T13;T12 T11 T23;T31 T32 T33];

T = cell(Number_of_plies,1);
for k = 1:Number_of_plies

T{k} = trans(:,[k k+Number_of_plies k+2*Number_of_plies]);

end

Epsilon_T_12 = cell(Number_of_plies,1);

for k = 1:Number_of_plies

Epsilon_T_12{k} = T{k}*Epsilon_T_xy{k};

end

%% Residual Thermal Stresses in Lamina
Sigma_T_12 = cell(Number_of_plies ,1);

for k = 1:Number_of_plies

Sigma_T_12{k} = Q{k}*Epsilon_T_12{k};

end

Sig_T_12 = (cell2mat(Sigma_T_12));

Sig_T_12(isnan(S8ig_T_12)) =

threes = 3*ones (1,Number_of_plies);

Principal Coordinates

Sigma_T_12 = mat2cell(Sig_T_12,threes,[1]);

for k = 1:Number_of_plies

Net_Sig_Therm{k} = Qbar{k}*Epsilon_T_xy{k};

end

Net_Thermal_Stress = sum(cat(3,Net_Sig_Therm{:1}),3);

Mechanical Analysis

Mechanical Stress in Laminate

Global Coordinates

Sigma_Long = (Pressure*Radius)/(2xLaminate_Thickness);
Sigma_Hoop = (Pressure*Radius)/Laminate_Thickness;

Sigma_xy = [Sigma_Long; Sigma_Hoop;

%

Mecanical Strains in Laminate

Global Coordinates

Inverse_Modulus_Matrix = [1/E_x -v_yx/E_y n_sx/G_xy;...
-v_xy/E_x 1/E_y n_sy/G_xy;...
n_xs/E_x n_ys/E_y 1/G_xy];

Epsilon_xy = Inverse_Modulus_Matrix * Sigma_xy;

%% Net Mechanical Strains in Lamina

T1l1 = m."2;
T12 = n."2;
T13 = 2*m.*n;
T23 = -2*m.*n;
T31 = -m.*n;

T32 = m.*n;
T33 = (m."2)-(n."2);

- Principal Coordinates

trans = [T11 T12 T13;T12 T11 T23;T31 T32 T33];

T = cell(Number_of_plies,1);
for k = 1:Number_of_plies

T{k} = trans(:,[k k+Number_of_plies k+2*Number_of_plies]);

end

Epsilon_12 = cell(Number_of_plies,1);



for k = 1:Number_of_plies
Epsilon_12{k} = T{k}*Epsilon_xy;
end

%% Mechanical Stresses in Lamina - Principal Coordinates
Sigma_12 = cell(Number_of_plies,1);

for k = 1:Number_of_plies

Sigma_12{k} = Q{k}*Epsilon_12{k};

end

%% Net Stress in Lamina - Principal Coordinates
Net_Sigma_12 = cell (Number_of_plies,1);

for k = 1:Number_of_plies

Net_Sigma_12{k} = Sigma_12{k}+Sigma_T_12{k};

end

Net_Sigma_12 = reshape(Net_Sigma_12,[1 Number_of_plies]);
stress_mat = cell2mat(Net_Sigma_12);

Sigma_1 = stress_mat(1l,:);

Sigma_2 = stress_mat(2,:);

Tau_6 = stress_mat (3,:);

%% Net Strain in Lamina - Principal Coordinates
Net_Epsilon_12 = cell(Number_of_plies,1);

for k = 1:Number_of_plies

Net_Epsilon_12{k} = Epsilon_12{k}+Epsilon_T_12{k};

end

Net_Epsilon_12 = reshape(Net_Epsilon_12,[1 Number_of_plies]);

Strain_mat = cell2mat(Net_Epsilon_12);

Epsilon_1 = Strain_mat(1l,:);

Epsilon_2 = Strain_mat(2,:);

Gamma_6 = Strain_mat (3,:);

%% Tsai-Wu failure analysis

f1 = (1/F1t)-(1/Flc);

f11 = 1/(F1t*Fic);

£2 = (1/F2t)-(1/F2c);

£22 = 1/(F2t*F2c);

f6 = 1/(F6°2);

£12 = -(1/2)*((£11%x£22)°(1/2));

a_Tw f11.%(Sigma_1.72)+£22 .%(Sigma_2.72)+...
f6.x(Tau_6.72)+2.*%f12.*Sigma_1.*Sigma_2;

b_TW = f1.xSigma_1+f2.*xSigma_2;

Tsai_Wu_quadratic = a_TW+b_TW-1 == 0;

Sft_TW = (-b_TW+(((b_TW. 2)+4.*xa_TW) . (1/2)))./(2.%a_TW);
Sft_TW(isnan(Sft_TW)) = 0;

Sfc_TW = abs(-b_TW-(((b_TW."2)+4.%xa_TW). (1/2))./(2.xa_TW));
Sfc_TW(isnan(Sfc_TW)) = 0;

Tension_Test_Pass [Sft_TW > 1]1;
Tension_Test_Fail [Sft_TwWw < 1];
Compression_Test_Pass = [Sfc_TW > 1];
Compression_Test_Fail = [Sfc_TW < 1];

%% Maximum Stress failure analysis
Failure_Stress_1_Direction = cell (Number_of_plies,1);
for k = 1:Number_of_plies

if Sigma_1(k)>0
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Failure_Stress_1_Direction{k}
else
Failure_Stress_1_Direction{k}
end

end

Failure_Stress_2_Direction cel
for k 1:Number_of_plies

if Sigma_2(k)>0
Failure_Stress_2_Direction{k}
else
Failure_Stress_2_Direction{k}
end

end

Failure_Stress_6_Direction cel
for k 1:Number_of_plies

if Tau_6(k)>0
Failure_Stress_6_Direction{k}
else
Failure_Stress_6_Direction{k}
end

end

Max_Stress_Pass_1_Direction ce
for k 1:Number_of_plies

if Failure_Stress_1_Direction{k}
if Failure_Stress_1_Direction{k}
Max_Stress_Pass_1_Direction{k}
else
Max_Stress_Pass_1_Direction{k}
end

else

if Failure_Stress_1_Direction{k}
Max_Stress_Pass_1_Direction{k}
else
Max_Stress_Pass_1_Direction{k}
end

end

end

Max_Stress_Pass_2_Direction
for k 1:Number_of_plies
if Failure_Stress_2_Direction{k}
if Failure_Stress_2_Direction{k}
Max_Stress_Pass_2_Direction{k}
else
Max_Stress_Pass_2_Direction{k}
end

else

if Failure_Stress_2_Direction{k}
Max_Stress_Pass_2_Direction{k}
else
Max_Stress_Pass_2_Direction{k}
end

end

end

ce

Max_Stress_Pass_6_Direction
for k 1: Number_of_plies

ce

F1t/(cos(Orientation(k))"2);

Fic/(cos(Orientation(k))"~2);

1 (Number_of_plies ,1);
F2t/(sin(Orientation(k))"2);
F2c/(sin(Orientation(k))"~2);

1 (Number_of_plies ,1);
F6/(cos(Orientation(k))*sin(Orientation(k)));

F6/(cos(Orientation(k))*sin(Orientation(k)));

11 (Number_of_plies ,1);

> 0
Sigma_1(k)>0
1;

0;

- Sigma_1(k)<0
1;

o

11 (Number_of_plies ,1);

>0
Sigma_2(k)>0
1;

0;

Sigma_2 (k) <0
1;

0;

11 (Number_of_plies ,1);
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if Failure_Stress_6_Direction{k} > 0

if Failure_Stress_6_Direction{k} - Tau_6(k)>0
Max_Stress_Pass_6_Direction{k} = 1;

else
Max_Stress_Pass_6_Direction{k}
end

else

if Failure_Stress_6_Direction{k} - Tau_6(k)<0
Max_Stress_Pass_6_Direction{k} = 1;

else

Max_Stress_Pass_6_Direction{k} = 0;

end

0;

end
end

if sum(cell2mat (Max_Stress_Pass_1_Direction))
sum(cell2mat (Max_Stress_Pass_2_Direction)) == Number_of_plies &&...
sum(cell2mat (Max_Stress_Pass_6_Direction)) Number_of_plies
Max_Stress_Failure_Analysis = 1;
else
Max_Stress_Failure_Analysis
end

0;

%% Maximum Strain failure analysis
Failure_Strain_1_Direction = cell (Number_of_plies,1);
for k = 1:Number_of_plies

if Epsilon_1(k)>0
Failure_Strain_1_Direction{k}
else
Failure_Strain_1_Direction{k} = -Fic/E1;
end

end

F1t/E1;

Failure_Strain_2_Direction = cell (Number_of_plies,1);
for k = 1:Number_of_plies

if Epsilon_2(k)>0
Failure_Strain_2_Direction{k}
else
Failure_Strain_2_Direction{k} = -F2c/E2;
end

end

F2t/E2;

Failure_Strain_6_Direction = cell (Number_of_plies,1);
for k = 1:Number_of_plies
Failure_Strain_6_Direction{k} = F6/G12;

end

Max_Strain_Pass_1_Direction = cell(Number_of_plies ,1);
for k = 1:Number_of_plies

if Failure_Strain_1_Direction{k} > 0

if Failure_Strain_1_Direction{k} - Epsilon_1(k)>0
Max_Strain_Pass_1_Direction{k} = 1;

else
Max_Strain_Pass_1_Direction{k}
end

else

if Failure_Strain_1_Direction{k} - Epsilon_1(k)<0
Max_Strain_Pass_1_Direction{k} = 1;

else
Max_Strain_Pass_1_Direction{k}

0;

0;
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end
end
end

Max_Strain_Pass_2_Direction =
for k = 1:Number_of_plies

if Failure_Strain_2_Direction{k}
if Failure_Strain_2_Direction{k}
Max_Strain_Pass_2_Direction{k} =
else
Max_Strain_Pass_2_Direction{k} =
end

else

if Failure_Strain_2_Direction{k}
Max_Strain_Pass_2_Direction{k} =
else
Max_Strain_Pass_2_Direction{k}
end

end
end

Max_Strain_Pass_6_Direction =
for k = 1:Number_of_plies

if Failure_Strain_6_Direction{k}
if Failure_Strain_6_Direction{k}
Max_Strain_Pass_6_Direction{k} =
else
Max_Strain_Pass_6_Direction{k} =
end

else

if Failure_Strain_6_Direction{k}
Max_Strain_Pass_6_Direction{k} =
else
Max_Strain_Pass_6_Direction{k} =
end

end

end

cell (Number_of_plies,1);

> 0

- Epsilon_2(k)>0
1;

0;

- Epsilon_2(k)<0

1;

0;

cell (Number_of_plies,1);

> 0

- Gamma_6 (k) >0
1;

0;

- Gamma_6 (k) <0

1;

0;

if sum(cell2mat (Max_Strain_Pass_1_Direction))
sum(cell2mat (Max_Strain_Pass_2_Direction))
sum(cell2mat (Max_Strain_Pass_6_Direction))

Number_of_plies
Number_of_plies
Number_of_plies

Max_Strain_Failure_Analysis = 1;
else

Max_Strain_Failure_Analysis = 0;
end

%% Tsai-Hill failure analysis
F1_TH cell (Number_of_plies ,1);
for k = 1:Number_of_plies

if Sigma_1(k)>0

F1_TH{k} = Fit;

else

F1_TH{k} = Flic;

end

end

F2_TH cell (Number_of_plies,1);
for k = 1:Number_of_plies

if Sigma_1(k)>0
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F2_TH{k} = F2t;
else
F2_TH{k} = F2c;
end
end

F6_TH = cell (Number_of_plies,1);
for k = 1:Number_of_plies
F6_TH{k} = F6;

end

A_TH 1./((cell2mat (F1_TH) ')."2);
B_TH = 1./((cell2mat(F2_TH)')."2);
C_TH = -1./((cell2mat(F1_TH)')."2);
D_TH 1./((cell2mat (F6_TH) ')."2);

Tsai_Hill_Pass_Fail = cell(Number_of_plies ,1);
for k = 1:Number_of_plies

Tsai_Hill_Pass_Fail{k} = (A_TH(k)*Sigma_1(k)"2)+(B_TH(k)*Sigma_2(k)~2)+...

(C_TH(k)*Sigma_1(k)*Sigma_2(k))+...
(D_TH(k)*Tau_6(k)"2);
end

if sum(cell2mat(Tsai_Hill_Pass_Fail)) < Number_of_plies

Tsai_Hill_Failure_Analysis = 1;
else
Tsai_Hill_Failure_Analysis = 0;
end

%% FAILURE ANALYSIS CRITERIA SELECTION

) Tsai_Wu = 1
% Maximum_Stress = 2
% Maximum_Strain = 3
h Tsai_Hill = 4
Failure_Mode_Analysis_Criteria = 1
%% Results
fprintf ('%s\n',"'")
if Failure_Mode_Analysis_Criteria == 1
if Tension_Test_Pass == One & Compression_Test_Pass == One
fprintf ('For Tsai-Wu failure criteria tank = Pass\n')
else fprintf ('For Tsai-Wu failure criteria tank = Faill\n')
end
elseif Failure_Mode_Analysis_Criteria == 2
if Max_Stress_Failure_Analysis == 1
fprintf ('For maximum stress failure criteria tank = Pass\n')
else fprintf ('For maximum stress failure criteria tank = Fail\n')
end
elseif Failure_Mode_Analysis_Criteria == 3
if Max_Strain_Failure_Analysis == 1
fprintf ('For maximum strain failure criteria tank = Pass\n')
else fprintf ('For maximum strain failure criteria tank = Fail\n')
end
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elseif Failure_Mode_Analysis_Criteria == 4
if Tsai_Hill_Failure_Analysis == 1
fprintf ('For Tsai-Hill failure criteria tank
else fprintf ('For Tsai-Hill failure criteria tank
end
else fprintf('Please select failure analysis criterial\n')

end

Pass\n')
Fail\n')

fprintf ('%s\n',"'")

fprintf ('Common bulkhead tank height = %0.4f in\n',...
Total_Tank_Height_CB)

fprintf ('%s\n',"'")

fprintf ('Combined individual tank heights = %0.4f in\n',...
Combine_Tank_Height_IT)

fprintf ('Individual HTP tank height = %0.4f in\n',...
Height HTP_IT)

fprintf ('Individual RP-1 tank height = %0.4f in\n',...
Height _RP1_IT)

fprintf ('%s\n',"'")

%% Weight Calculation
OQuter_Radius = Radius+Laminate_Thickness;

%Common Bulkhead Calculation

Liner_Volume_CB = 1.5%(4/3)*pi()*((Radius”~3)-(Inner_Radius~3))+
pi()*Midsection_Height_CB*((Radius~2)-(Inner_Radius~2));

Liner_Weight_CB = Liner_Density*Liner_Volume_CB;

Composite_Volume (4/3)*pi ()*((Outer_Radius~3)-(Radius~3))+

pi()*Midsection_Height _CB*((Outer_Radius~2)-(Radius~2));

Composite_Weight = Composite_Density*Composite_Volume;

if Tension_Test_Pass == One & Compression_Test_Pass == 0One
Total_Weight_CB = Liner_Weight_CB+Composite_Weight;

else Total_Weight_CB = nan

end

%Individual Tank Calcualtion

Liner_Volume_IT = 2%(4/3)*pi()*((Radius~3)-(Inner_Radius”~3))+
pi()*Midsection_Height _IT*((Radius”2)-(Inner_Radius~2));

Liner_Weight_IT = Liner_Demnsity*Liner_Volume_IT;

Composite_Volume = 2*(4/3)*pi()*((0uter_Radius”~3)-(Radius~3))+

pi()*Midsection_Height _IT*((Outer_Radius~2)-(Radius~2));

Composite_Vol_HTP = 2*(4/3)*pi()*((0Outer_Radius"3)-(Radius~3))+

pi()*Midsection_Height _HTP*((Outer_Radius~2)-(Radius~2));

Composite_Vol_RP1

2% (4/3)*pi (O*((Outer_Radius~3)-(Radius~3))+

pi()*Midsection_Height _RP1*((Outer_Radius~2)-(Radius~2));

Liner_Volume_HTP = (4/3)*pi()*((Radius”~3)-(Inner_Radius~3))+
pi()*Midsection_Height _HTP*((Radius~2)-(Inner_Radius~2));

Liner_Volume_RP1 = (4/3)#*pi()*((Radius”~3)-(Inner_Radius~3))+
pi()*Midsection_Height_RP1*((Radius~2)-(Inner_Radius~2));

Liner_Weight _HTP = Liner_Density*Liner_Volume_HTP;
Liner_Weight_RP1 Liner_Density*Liner_Volume_RP1;

Composite_Weight = Composite_Density*Composite_Volume;
Composite_Weight _HTP = Composite_Density*Composite_Vol_HTP; %1b
Composite_Weight_RP1 = Composite_Density*Composite_Vol_RP1; 71lb

Weight _HTP_IT = Composite_Weight_ HTP+Liner_Weight_HTP; Jkg
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Weight _RP1_IT = Composite_Weight_ RP1+Liner_Weight_RP1; Ykg

if Tension_Test_Pass == 0One & Compression_Test_Pass == One
Total_Weight_IT = Liner_Weight_IT+Composite_Weight;

else Total_Weight_IT = nan

end

Estimate_Buffering_Factor = 1.5;
Propellant _COPV_Safe_Weight_CB = Total_Weight_CB*Estimate_Buffering_Factor;

fprintf ('Propellant tank weight common bulkhead design = 70.4f Lb\n',...
Total_Weight_CB)

fprintf (' = %0.4f Kg\n',...
Total_Weight_CB*0.453592)

fprintf ('Individual HTP tank weight = %0.4f Lb\n',...
Weight _HTP_IT)

fprintf (' = %0.4f Kg\n',...
Weight _HTP_IT*0.453592)

fprintf ('Individual RP-1 tank weight = %0.4f Lb\n',...
Weight _RP1_IT)

fprintf (' = %0.4f Kg\n',...

Weight _RP1_IT%*0.453592)

fprintf ('Combined tank weight individual tank design = %0.4f Lb\n',...
Total_Weight_IT)

fprintf (' = %0.4f Kg\n',...
Total_Weight_ IT=*0.453592)

fprintf ('%s\n',"'")

%% Excel Output

if Tension_Test_Pass == One & Compression_Test_Pass == 0One

if Write_to_Excel == 0

return

end

else
fprintf (' ERROR HAS OCCURED. CHECK INPUT VALUES AND LOOK FOR "NaN"')
return

end

W11/ 77777777777777777777777777777777777777777777777777777777777777777777
%% General Rocket Info

xlswrite('Master.xlsx',Aero_Optimum_Radius, 'Rocket_Main', 'C3');
xlswrite ('Master.xlsx',Radius, 'Rocket_Main', 'C6');
xlswrite ('Master.xlsx',Inner_Radius, 'Rocket_Main', 'C7"');
xlswrite ('Master.xlsx',HTP_Volume, 'Rocket_Main', 'C10');
xlswrite('Master.xlsx',HTP_Density, 'Rocket_Main', 'C11');
xlswrite('Master.xlsx',HTP_Mass, 'Rocket_Main', 'C12');
xlswrite('Master.xlsx',Midsection_Height_HTP, 'Rocket_Main', 'C13');
xlswrite ('Master.xlsx',RP1_Volume, 'Rocket_Main', 'Cl14');
xlswrite('Master.xlsx',RP1_Density, 'Rocket_Main', 'C15');
xlswrite('Master.xlsx',RP1_Mass, 'Rocket_Main', 'C16');
xlswrite('Master.xlsx',Midsection_Height_RP1,'Rocket_Main', 'C17 ')
xlswrite('Master.xlsx',Total_Propellant_Mass, 'Rocket_Main', 'C18');
xlswrite('Master.xlsx',MEOP, 'Rocket_Main', 'C19');

%% Composite Properties

% Reinforcement: Toray T1000G Carbon Fiber
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xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.

% Matrix: 3501-6

xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.

x1lsx
xlsx
x1lsx
x1lsx
xlsx
x1lsx
x1lsx
xlsx
x1lsx

Epoxy

x1lsx
x1lsx
xlsx
x1lsx
x1lsx
xlsx
x1lsx
x1lsx
xlsx
x1lsx

,Fiber_Density,
,Fiber_Longitudinal_Modulus,
,Fiber_Transverse_Modulus,
,Fiber_Axial_Shear_Modulus,
,Fiber_Transverse_Shear_Modulus,
,Fiber_Poissons_Ratio,

'Composite’
'Composite
'Composite’
'Composite’
'Composite
'Composite’

,Fiber_Longitudinal_Tensile_Strength, 'Composite’

,Fiber_Longitudinal _CTE,
,Fiber_Transverse_CTE,

,Matrix_Density,
,Matrix_Youngs_Modulus,
,Matrix_Shear_Modulus,
,Matrix_Poissons_Ratio,
,Matrix_Tensile_Strength,
,Matrix_Compressive_Strength,
,Matrix_Shear_Strength,

,Matrix_CTE,
,Matrix_Glass_Transition_Temperture,
,Matrix_Maximum_Use_Temperature,

% Composite Lamina Properties

xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.

x1lsx
x1lsx
xlsx
x1lsx
x1lsx
xlsx
x1lsx
x1lsx
x1lsx
xlsx
x1lsx
x1lsx
x1lsx
x1lsx

% Laminate Structure

xlswrite ('Master.

x1lsx

% Composite Laminate

xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite('Master.
xlswrite ('Master.

x1lsx
x1lsx
x1lsx
x1lsx
x1lsx
x1lsx
x1lsx
x1lsx
x1lsx
x1lsx
x1lsx
x1lsx

1

,Number_of_plies,
,Fiber_Volume_Fraction,
,Lamina_Thickness (1,1),

'Composite
'Composite
'Composite
'Composite

,E2, 'Composite
,G12, 'Composite
,vi2, 'Composite
,al, 'Composite
,a2, 'Composite
,F1t, 'Composite
,Flc, 'Composite
,F2t, 'Composite
,F2c, 'Composite
,F6, 'Composite

DM

,0rientation, 'Composite’','G25

Properties

,E_x, 'Composite','C42');
,ELy, 'Composite','C43');
,G_xy, 'Composite','C44"');
,V_XY, 'Composite','C45');
,V_YX, 'Composite', 'C46');
,n_sXx, 'Composite','C47"');
,N_X8, 'Composite','C48');
,n_Sy, 'Composite','C49');
,n_ys, 'Composite','C50"');
,Composite_Density,'Composite','C51"');
,avg_ax*1076, 'Composite','C52"');
,avg_ay*1076, 'Composite','C53"');
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'Composite’

'Composite’,
'Composite’,
'Composite’,
'Composite’,
'Composite’,
'Composite’,
'Composite’,
'Composite’,
'Composite’,
'Composite’,

,'C3');
,'ca);
,'C5');
,'C6');
, 'C7T") 5
,'C8");
,'C9');
,'C10');
,'C11');
'c141');
1 |015');
'C16');
'C17 ') ;
1 'Cl8');
'C19');
'C20");
1 |021');
'C22');
'C23");
'C26');
'C27 ")
'C28');
'C29');
'C30"');
'C31");
'C32');
'C33');
'C34');
'C35"');
'C36');
'C37");
'C38');
'C39');



6.1.2 Pressurant COPV Analysis Script - MATLAB

%% Liquid Rocketry Lab John Slugg 10/23/2020
%ot Propellant COPVs

clear;

clc;

% Write output to Excel? 1 = Yes, 0 = No

Write_to_Excel = 0;
%% ROCKET RADIUS INPUT
Aero_Optimum_Radius = 8; Y%inches

fprintf ('Rocket external radius = %0.4f in\n',...
Aero_Optimum_Radius)

fprintf ('%s\n',"'")

%% PROPELLANT COPV CALCULATIONS

fprintf ('%s\n', ' -———---------—---——— Propellant COPVs -------------—---————— ")

WILTTTLL7777777777777777777777777777777777777777777777777777777777777777777

%% Initial Conditions

HTP _VOol_L = 64T .5 e i it e e e e e e e e e e e e e e e Liters
HTP_Volume = HTP_Vol_L* 61.0237; ..o it e e e e e e in~3
HTP_Density = 0.02926311; . ... e e e 1b/in"3
HTP_Mass = HTP_Density*HTP_Volume; /2 1bm
HTP_Kg = HTP_Mass*0.453592; ...ttt i ii e Kg
RP1_Vol_ L = 92.5; ettt e e e e Liters
RP1_Volume = RP1_Vol_L* 61.0237; .. v ittt e e e e e in~3
RP1_Density = 0.0520233; /.. ... 1b/in"3
RP1_Mass = RP1_Density*RP1_Volume; /2 lbm
RP1_Kg = RP1_Mass*0.453592; ...ttt i Kg
Total_Propellant_Mass = HTP_Mass + RP1_Mass; /2 1bm

Propellant_Mix_Ratio_Vol = (HTP_Vol_L/RP1_Vol_L);
fprintf ('Propellant mix ratio by volume (HTP:RP-1) = %0.2f:1\n"',...
Propellant_Mix_Ratio_Vol)

%% Laminate Properties

% NOTE: ORIENTATION AUTOMATICALLY PRODUCES A SYMMETRIC MATRIX. TO AVOID
% THIS COMMENT 0OUT THE LINES THAT ARE FOLLOWED BY THE COMMENT "symmetry"

Orientation = [15 -15 75 =75 75 =75 75 =751; e ... degrees
%0rientation = [15 -15 75 -75 75 -75 75 =-751; ... ... degrees
Orientation_flip = fliplr(Orientation); hsymmetry

Orientation = [Orientation Orientation_flip]; hsymmetry
Lamina_Thickness = cell(1l,length(Orientation));

for k = 1:length(Orientation)

Lamina_Thickness{k} = 0.01; ... ... ... .. in
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end
Laminate_Thickness = sum(cat(3,Lamina_Thickness{:}),3);

Number_of_plies = numel(Orientation);
Fiber_Volume_Fraction = 0.61;
Matrix_Volume_Fraction = 1 - Fiber_Volume_Fraction;

%% Tank Properties
MEOP = 1000; %Psi
Liner_thickness = 0.040; %in

Radius = Aero_Optimum_Radius-Laminate_Thickness; /A in
Inner_Radius = Radius - Liner_thickmess; Jh......... ... ... in
Midsection_Height_RP1 = (RP1_Volume - ((4/3)*pi()*Inner_Radius~3)/2)/...
(pi(O*Inner_Radius™2); /... in
Midsection_Height _HTP = (HTP_Volume - ((4/3)*pi()*Inner_Radius~3)/2)/...
(piO*Inner_Radius™2); J............ ... in

Liner_Material = 1;

%“Liner material options

% 1 = Aluminum
% 2 = Stainless
% 3 = PVC

%Common Bulkhead Tank Dimensions

%Hemispherical tank head assumed

Height _HTP_CB = Aero_Optimum_Radius + Midsection_Height_HTP; 7 ...... in
Height _RP1_CB = Aero_Optimum_Radius + Midsection_Height_RP1; /A in
Total_Tank_Height_CB = Height_RP1_CB + Height_HTP_CB; Jin
Midsection_Height_CB = Midsection_Height_HTP + Midsection_Height_RP1; Jin

%Individual Tank Dimensions
%Hemispherical tank head assumed

Height _HTP_IT = 2*xAero_Optimum_Radius + Midsection_Height_HTP; %h....in
Height _RP1_IT = 2xAero_Optimum_Radius + Midsection_Height_RP1; %....1in
Combine_Tank_Height_IT = Height_ RP1_IT + Height HTP_IT; /........... in

Midsection_Height _IT = Midsection_Height_HTP + Midsection_Height_RP1; %in

%% Baffle System volume and mass contribution

Vertical_Angle_Count = 8;

Vertical_Angle_Width = 1; %in

Vertical_Angle_Thickness = 0.125; %in

Verticle_Angle_Area = 2*x(Vertical_Angle_Width*Vertical_Angle_Thickness)...
- Vertical_Angle_Thickness ~2; %in

Baffle_Width = 2; Jin

Baffle_Thickness = .125; %in

Baffle_Spacing = 24; 7in

Baffle_Volume = pi()*(Inner_Radius"2 - (Inner_Radius-Baffle_Width)~2);%in"3

Volume_difference_HTP 1;
Volume_difference_RP1 1;
while Volume_difference_RP1 < 99 | Volume_differemnce_RP1 > 101

Vertical_Angle_Length_RP1 = Midsection_Height_RP1; %in
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Vertical_Angle_Volume_RP1 = Verticle_Angle_Area*Vertical_Angle_Length_RPl;%inAB

Baffle_Count_RP1 = floor(Midsection_Height_RP1/Baffle_Spacing)+1;%in"3
Baffle_Volume_RP1 = Baffle_Volume*Baffle_Count_RP1; %in~3

Baffle_System_Volume_RP1 = Baffle_Volume_RPl1+Vertical_Angle_Volume_RP1;%in"3

Volume_difference_RP1 = ((4/3)*pi()*Inner_Radius~3)+...
Midsection_Height_RP1#*pi ()*Inner_Radius~2-...
(RP1_Volume+Baffle_System_Volume_RP1);

if Volume_difference_RP1 < 99

Midsection_Height _RP1 = Midsection_Height_RP1 + 0.01;
elseif Volume_difference_RP1 > 101

Midsection_Height _RP1 = Midsection_Height_RP1 - 0.01;
end
end

while Volume_difference_HTP < 99 | Volume_difference_HTP > 101

Vertical_Angle_Length_HTP
Vertical_Angle_Volume_HTP

Midsection_Height _HTP; Jin
Verticle_Angle_Area*Vertical_Angle_Length_HTP;%in‘3

Baffle_Count_HTP = floor(Midsection_Height_ HTP/Baffle_Spacing)+1;%in"3
Baffle_Volume_HTP = Baffle_Volume*Baffle_Count_HTP; %in~3

Baffle_System_Volume_HTP = Baffle_Volume_HTP+Vertical_Angle_Volume_HTP;%in‘S

Volume_difference_HTP = ((4/3)*pi()*Inner_Radius"3)+...
Midsection_Height _HTP#*pi ()*Inner_Radius~2-...
(HTP_Volume+Baffle_System_Volume_HTP);

if Volume_difference_HTP < 99

Midsection_Height _HTP = Midsection_Height _HTP + 0.01;
elseif Volume_difference_HTP > 101

Midsection_Height _HTP = Midsection_Height_HTP - 0.01;
end
end

%% Probability of Failure Analysis
% Variable Initiation
Material = 1;

yA 1 = Carbon Fiber / Epoxy

% 2 = Kevlar Fiber / Epoxy

yA 3 = Glass Fiber / Epoxy

Expected_Burst_Strength = MEOP*1.075; 7 ....... ... ... ... Psi
Percent _ULT = (MEOP/Expected_Burst_Strength)*100;

Loading _Time = 1; .ottt e e e Hours
if Material == 1

fprintf ('Material: Carbon Fiber / Epoxy\n')

Alpha = 0.20;

Beta = (1.4%(10°51))*(10°(-0.515%xPercent_ULT));
else if Material == 2

fprintf ('Material: Kevlar Fiber / Epoxy\n')

Alpha = 0.93;

Beta = (2.0%(10718))*(10°(-0.198*Percent_ULT));
else if Material == 3

fprintf ('Material: Glass Fiber / Epoxy\n')
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Alpha = 1.00;
Beta = (1.4%(10°13))*(10°(-0.158*Percent_ULT));

else
fprintf ('Error: Please Select Material Option\n')
end
end
end
fprintf ('Maximum Expected Operating Pressure = %0.2f Psi\n',...
MEOP)
% fprintf ('Expected Burst Pressure = %0.2f Psi\n',...
% Expected_Burst_Strength)
fprintf ('Percent loading of ultimate burst strength = %0.3f \n',...
Percent_ULT)
Probability_of_Survival = exp(-((Loading_Time/Beta)) Alpha);
while Probability_of_Survival<0.999
Percent _ULT = (MEOP/Expected_Burst_Strength)*100;
if Material == 1
Alpha = 0.20;
Beta = (1.4%(10°51))*(10~(-0.515*Percent_ULT));
else if Material == 2
Alpha = 0.93;
Beta = (2.0%(10°18))*(10°(-0.198*Percent_ULT));
else if Material == 3
Alpha = 1.00;
Beta = (1.4%(10°13))*(10~(-0.158*Percent_ULT));
else
fprintf ('Error: Please Select Material Option\n')
end
end
end
Probability_of_Survival = exp(-((Loading_Time/Beta)) ~Alpha);
Expected_Burst_Strength = Expected_Burst_Strength+1; 7............. Psi
end

fprintf ('Required Burst Strength Survive Prob. of 0.999 = %0.2f Psi\n',...
Expected_Burst_Strength)

Pressure = Expected_Burst_Strength;

%% Material Properties
% Reference: Daniel, I. M., and Ishai, 0., 2006, Engineering Mechanics
yA of Composite Materials, Oxford University Press, New York.
h Table A.2 & Table A.3

%% Reinforcement: AS4 Carbon Fiber

YA Fiber_Density = 0.0647; ettt ettt e e e e e 1b/in"3
% Fiber_Longitudinal_Modulus = 3.408*(1077); e vvr .. Psi

% Fiber_Transverse_Modulus = 2.176%(1076); the v v v v v i, Psi

% Fiber_Axial_Shear_Modulus = 3.916%(1076); e v v v i i v .. Psi

% Fiber_Transverse_Shear_Modulus = 1.015%(1076); e v v v vivu ... Psi

% Fiber_Poissons_Ratio = 0.2;

% Fiber_Longitudinal _Tensile_Strength = 536640; %............... Psi;

% Fiber_Longitudinal_CTE -0.3; %((10°-6)/F)

% Fiber_Transverse_CTE = 8.3; %((10°-6)/F)

%% Reinforcement: Toray T1000G Carbon Fiber

Fiber_Density = 0.0650291; . ... ... ... 1b/in"3
Fiber_Longitudinal_Modulus = 43*x(1076); /.. ..... ... ... . Psi
Fiber_Transverse_Modulus = 2.176%(1076); e v v v, Psi
Fiber_Axial_Shear_Modulus = 3.916%(1076); e v v v v i i, Psi
Fiber_Transverse_Shear_Modulus = 1.015%x(10°6); % ... ... .. ... Psi
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hh

Fiber_Poissons_Ratio = 0.2;

Fiber_Longitudinal_Tensile_Strength = 924000; 7% ............... Psi;
Fiber_Longitudinal _CTE = =0.6; /.. ... ..., (10~-6)/F
Fiber_Transverse_CTE = 8.3 . i e e e et e (10~-6)/F
%% Matrix: 3501-6 Epoxy

Matrix_Density = 0.0361273; Ji. .. ... ... 1b/in"3
Matrix_Youngs_Modulus = 623662; ... ...t Psi
Matrix_Shear_Modulus = 232060; 7. ... ... Psi
Matrix_Poissons_Ratio = 0.35;

Matrix_Tensile_Strength = 10007.6; /... .o, Psi
Matrix_Compressive_Strength = 29007.5; 7 ...................... Psi
Matrix_Shear_Strength = 14503.8; /2 Psi
Matrix_CTE = 25 e o it e e e e e e e e e e (10~-6)/F
Matrix_Glass_Transition_Temperture = 390; J.................. (10°-6)/F
Matrix_Maximum_Use_Temperature = 300; /A F

%% Liner

if Liner_Material == 1;

% 6061-T6 Almuminum

Liner_Density = 0.0975; %1b/in"3
Liner_Youngs_Modulus = 1%x(10°7); JPsi
Liner_Shear_Modulus = 3770000; %Psi
Liner_Tensile_Yeild_Strength = 40000; %Psi
Liner_Shear_Strength = 30000; %Psi
Liner_Poissons_Ratio = 0.33;

else if Liner_Material == 2;

% 304 Stainless Steel
Liner_Density = 0.289; %1b/in"3
Liner_Youngs_Modulus = 2.8x%(1077); /Psi
Liner_Shear_Modulus = 1.25%x(10°7); %Psi
Liner_Tensile_Yeild_Strength = 31200; /Psi
Liner_Poissons_Ratio = 0.29;

else
% Rigid PVC
Liner_Density = 0.050; %1b/in"3
Liner_Youngs_Modulus 435113; %Psi
Liner_Tensile_Yeild_Strength = 5801; JPsi
Liner_Poissons_Ratio = 0.32;

end
end

Thermal Conditions

Cure_Temperature = 300; %F
Testing_Temperature = 72; JF

%% Variable Definitions

1t = Lamina_Thickness;Jinches

Lt Laminate_Thickness;Jinches

Vf = Fiber_Volume_Fraction;

Vm = Matrix_Volume_Fraction;

E1f = Fiber_Longitudinal_Modulus;’%Psi

E2f = Fiber_Transverse_Modulus;/Psi

G12f = Fiber_Axial_Shear_Modulus;/Psi

G23f = Fiber_Transverse_Shear_Modulus;%Psi
v12f = Fiber_Poissons_Ratio;

Fi1ft = Fiber_Longitudinal_Tensile_Strength;%Psi
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alf
a2f =
pm
Em

Fiber_Longitudinal _CTE*10~-6;7% (/F)
Fiber_Transverse_CTE*10~-6;7%(/F)

Matrix_Density;%1lb/in"3
Matrix_Youngs_Modulus;%Psi

Gm = Matrix_Shear_Modulus;’Psi

vm
Fmt
Fmc
Fms

Matrix_Poissons_Ratio;

Matrix_Tensile_Strength;’Psi
Matrix_Compressive_Strength;/Psi
Matrix_Shear_Strength;’Psi

am = Matrix_CTE*10°-6;%((10°-6)/F)
Tg = Matrix_Glass_Transition_Temperture;/F

Tmax =
Ttest
Tcure

%% Lam

Matrix_Maximum_Use_Temperature;’F
= Testing_Temperature;%F
= Cure_Temperature;/F

ina Level Properties

El = VE*E1f+Vm*Em;

E2
G12 =
vi2 =
v21l =

(

Qi1 =
Q12 =
Q22 =
Q66 =

8
]

co

=]
]

Zero =
One =
for k
Qp = [
end

for k
Q{k} =

end

Qllibar
Q12bar
Q22bar
Ql6bar
Q26bar
Q66bar

Em*E2f )/ (VE*Em+Vm*E2f ) ;
(Gm*G12f) /(VE*Gm+Vm*xG12f) ;
VE*v12f+Vm*vm;
(E2*v12)/E1;

(E1./(1-v12.xv21));
(v12.%E2)./(1-v12.%v21);
(E2./(1-v12.%v21));

G12;

sd(Orientation);

sind (Orientation);

zeros (1, Number_of_plies);
ones (1, Number_of_plies);
= 1:Number_of_plies
Q11*0ne Q12*0ne Zero;Q12*0ne Q22*0ne Zero;Zero Zero Q66*0ne];

= 1:Number_of_plies
Qp(:, [k k+Number_of_plies k+2*xNumber_of_plies]);

= Q11.*%(m. " 4)+2*x(Q12+2*xQ66) .*(m."~2) .*(n."2)+Q22.*%x(n."4);

= (Q11+Q22-4%Q66) .*(m."2) .*x(n."2)+Q12.*((n."4)+(m."4));

= Q11.*%(n."4)+2*x(Q12+2*xQ66) .*(m."2) .*(n."2)+Q22.*(m."4);

= (Q11-Q12-2%Q66) .*(m."3) .*n+(Q12-Q22+2*Q66) .*m.*x(n."3);

= (Q11-Q12-2%Q66) .*(n."3) .*m+(Q12-Q22+2*xQ66) .*n.*(m."3);

= (Q11+Q22-2%Q12-2%Q66) .*x(m."2) .*(n. 2)+Q66.*%((n."4)+(m."4));

Qb = [Qlibar Q12bar Q16bar;Q12bar Q22bar Q26bar;Q16bar Q26bar Q(66bar];

Qbar =
for k

Qbar{k
end

1y
h
h

cell (Number_of_plies,1);
= 1:Number_of_plies
} = Qb(:,[k k+Number_of_plies k+2*Number_of_plies]);

Lamina Properties Text Output

fprintf ('%s\n','-—--------- Principal Lamina Level Properties
fprintf ('Longitudinal Modulus (E1) = %0.4f Psi\n',E1(:,1))
fprintf (' Transverse Modulus (E2) = %0.4f Psi\n',E2(:,1))
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h
h

hth
al
a2

hh

fprintf ('Shear Modulus (G12) = %0.4f Psi\n',G12(:,1))
fprintf ('Poissons ratio (v12) = %0.4f \n',v12(:,1))

Lamina Thermal Properties

(Elf*alf*Vf+Em*xam*Vm)/(E1f*Vf+Em*Vm) ;
a2f *VEx (1+vi12f*x(alf/a2f))+am*Vm*x (1+vm) - (v12f*VEf+vm*Vm) *. ..
((E1f*alf*Vf+Em*am*Vm) ./E1);
%% Lamina Thermal Properties Text Output
fprintf ('Longitudinal CTE = J0.4f (10°-6/F) \n',al(:,1)*1076)
fprintf (' Transverse CTE = %0.4f (10" -6/F) \n',a2(:,1)*x1076)

Lamina Strengths

%% Principal Longitudinal Tension
% Fiber First Criteria
Fit_ff = F1ftxVf; 7 for E1f >> Em
% Matrix first Criteria
Fit_mf = Fmt*x(Vf*x(E1f/Em)+Vm); ’for strain ult(fiber > matrix)

% Failure mode
if E1f > Emx*10
Fit = Flt_ff;
else F1t = Flt_mf;
end

%% Principal Longitudinal Compression
% High Fiber Volume Fraction
Flc_LVE = 2*VE*((Em*E1£f*VE)/(3*Vm)) "~ (1/2);
% Low Fiber Volume Fraction
Flc_HVE = Gm/(Vm);

% Failure mode
if Vf >= 0.30
Fic Flc_HVTE;
else
Flc

Flc_LVfE;
end

%% Principal Transverse Tension
K_sigma = (1-Vf*(1-(Em/E2£f)))/(1-((4*xVE)/pi (D)~ (1/2)*(1-(Em/E2f)));
K_epsilon = 1/(1-((4*xVE)/pi (D)~ (1/2)*(1-(Em/E2£f)));
% assuming no residual radial stress
F2t = (1/K_sigma)*Fmt;

%% Principal Transverse Compression
% assuming no residual radial stress
F2c = Fmc/K_sigma;
%% Principal In-Plane Shear
K_tau = (1-VE+x(1-(Gm/G12£)))/(1-((4*VE)/pi (D)~ (1/2)*(1-(Gm/G12f)));
F6 = Fms/K_tau;

%% Lamina Strength Text Output

fprintf ('Longitudinal tensile strength (F1t) = 7%0.4f Psi\n',F1lt)

fprintf ('Longitudinal compressive strength (Flc) = %0.4f Psi\n',Flc)

fprintf (' Transverse tensile strength (F2t) = J0.4f Psi\n',F2t)
fprintf (' Transverse compressive strength (F2c) = %0.4f Psi\n',F2c)
fprintf ('In-plane shear strength (F6) = %0.4f Psi\n',F6)

Laminate ABD Matrix
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% fprintf('%s\n','")

% fprintf('--------------- Laminate ABD Matrix --------------- ")

zk = cell(Number_of_plies,1);

zk{1} = 1t{1};

for k = 2:Number_of_plies
zk{k} = 1t{k} + zk{k-1};

end

zk = cell2mat (zk) - Lt/2;

zk_1 = zk - cell2mat(reshape(lt, [Number_of_plies,1]));
zk = num2cell (zk);

zk_1 = num2cell(zk_1);

A = cell(Number_of_plies,1);
for k = 1:Number_of_plies
A{k} = Qbar{k}*(zk{k}-zk_1{k});
end
A = sum(cat(3,A{:}),3);
ACA < 10°-12 & A > -10"-12) = 0;

B = cell(Number_of_plies,1);
for k = 1:Number_of_plies
B{k} = 1/2.*(Qbar{k}*(zk{k}. 2 - zk_1{k}."2));

B = sum(cat(3,B{:}),3);
B(B < 10°-12 & B > -10"-12) = 0;

D = cell(Number_of_plies,1);
for k = 1:Number_of_plies
D{k} = 1/3.*(Qbar{k}*(zk{k}."3 - zk_1{k}."3));

D = sum(cat(3,D{:}),3);
D(D < 10°-12 & D > -10"-12) = 0;

ABD = [A B;B DJ;

%% Laminate Compliance Matrix

B_star = -(inv(A))*B;

B_star(B_star < 10°-12 & B_star > -10"-12)
C_star = B*(inv(A));

C_star(C_star < 10°-12 & C_star > -10"-12)
D_star = D - C_starx*B;

D_star(D_star < 10°-12 & D_star > -10"-12)

]
o

1]
o

1]
o

= (inv(A))-(B_star*(inv(D_star)))*C_star;
B_star*(inv(D_star));

= -(inv(D_star))*C_star;

= inv(D_star);

Q0 oW
]

%% Effective Laminate Properties

% fprintf ('%s\n','")
% fprintf ('%s\n','----------- Effective Laminate

1/(Lt*a(1,1));
1/(Lt*a(2,2));

y = 1/(Lt*a(3,3));

xy = -(a(2,1)/a(1,1));

E_x
E_y
G_x
v
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V_yx -(a(1,2)/a(2,2));

n_sx a(1,3)/a(3,3);

if n_sx < 107-12 & n_sx > -10"-12
n_sx = 0;

end

n_xs = a(3,1)/a(1,1);

if n_xs < 10°-12 & n_xs > -10"-12
n_xs = 0;

end

n_ys = a(3,2)/a(2,2);

if n_ys < 10°-12 & n_ys > -10"-12
n_ys = 0;

end

n_sy = a(2,3)/a(3,3);

if n_sy < 10°-12 & n_sy > -10"-12
n_sy = 0;

end

%% Composite Density
Composite_Density = Vif*Fiber_Density + Vm*Matrix_Density;

%% Laminate Level Properties Output

% fprintf ('Axial modulus (Ex) = J%0.4f Psi\n',E_x)

% fprintf (' Transverse modulus (Ey) = %0.4f Psi\n',E_y)

yA fprintf ('Shear modulus (Gxy) = %0.4f Psi\n',G_xy)

yA fprintf ('Poissons ratio xy (vxy) = %0.4f\n',v_xy)

% fprintf ('Poissons ratio yx (vyx) = %0.4f\n',v_yx)

yA fprintf ('Shear coupling coefficent (mnsx) = %0.4f\n',n_sx)

yA fprintf ('Shear coupling coefficent (nxs) = %0.4f\n',n_xs)

% fprintf ('Shear coupling coefficent (mnsy) = %0.4f\n',n_sy)

% fprintf ('Shear coupling coefficent (nys) = %0.4f\n',n_ys)

yA fprintf ('Composite Density = %0.4f 1b/in"3\n',Composite_Density)

%% Thermal Analysis

%% Global CTEs
ax = al.*(m."2)+a2.x(n."2);
ay = al.*(n."2)+a2.x(m."2);

axy = 2*(al-a2).*m.*n;

dT = Cure_Temperature - Testing_Temperature;
ex = ax*dT;

ey = ayx*dT;

exy = axyx*dT;

avg_ax = sum(ax)/Number_of_plies;

avg_ay = sum(ay)/Number_of_plies;
%fprintf ('Axial coefficient of thermal expansion = %0.4f\n',avg_ax*1076)
%fprintf (' Transverse coefficient of thermal expansion = %0.4f\n',avg_ay*1076)

ET [ex;ey;exyl;

eT cell (Number_of_plies,1);
for k = 1:Number_of_plies
eT{k} ET(:,[k]1);

end

%% Thermal Forces

NT = cell(Number_of_plies,1);
for k = 1:Number_of_plies
NT{k} = Qbar{k}*(eT{k})*1t{k};
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end
NT = sum(cat(3,NT{:}),3);
NT(NT < 10°-12 & NT > -10"-12) = 0;

%% Thermal Moments

zk_bar = cell2mat (reshape(zk,[1,Number_of_plies])) - cell2mat(lt)/2;

zk_bar (zk_bar < 10°-12 & zk_bar > -10"-12) = 0;
zk_bar = num2cell (zk_bar);

MT = cell(Number_of_plies,1);

for k = 1:Number_of_plies

MT{k} Qbar{k}*(eT{k})*zk_bar{k}*x1t{k};
end

MT = sum(cat(3,MT{:}),3);

MT(MT < 10°-12 & MT > -10"-12) = 0;

%% Thermal Midplane Strain - Global Coordinates

Epsilon_O_T_xy = a*xNT+b*MT;

Epsilon_O_T_xy(isnan(Epsilon_O0_T_xy)) = O0;
Epsilon_O_T_xy(Epsilon_O_T_xy < 10°-12 & Epsilon_O_T_xy > -10"-12)

%% Thermal Midplane Curvature - Global Coordinates
Kappa_T_xy = c*xNT+d*MT;

Kappa_T_xy(isnan(Kappa_T_xy)) = 0;

Kappa_T_xy(Kappa_T_xy < 107-12 & Kappa_T_xy > -10"-12) = 0;

%% Net Themal Strains in Lamina - Global Coordinates
Epsilon_T_xy = cell(Number_of_plies ,1);

for k = 1:Number_of_plies

Epsilon_T_xy{k} = Epsilon_O_T_xy+1lt{k}*zk{k}*Kappa_T_xy;
end

%% Thermal Elasic Strains in Lamina - Global Coordinates
Epsilon_Te_xy = cell(Number_of_plies,1);

for k = 1:Number_of_plies

Epsilon_Te_xy{k} = Epsilon_T_xy{k}-eT{k};

end

%% Residual Thermal Strains in Lamina - Principal Coordinates
Ti1l1 = m."2;

T12 = n."2;

T13 = 2*m.*n;

T23 = -2*m.*n;

T31 = -m.*n;

T32 = m.*n;

T33 = (m."2)-(n."2);

trans = [T11 T12 T13;T12 Ti11 T23;T31 T32 T33];

T = cell(Number_of_plies,1);

for k = 1:Number_of_plies

T{k} = trans(:,[k k+Number_of_plies k+2*Number_of_plies]);
end

Epsilon_T_12 = cell (Number_of_plies,1);
for k = 1:Number_of_plies
Epsilon_T_12{k} = T{k}*Epsilon_T_xy{k};
end

%% Residual Thermal Stresses in Lamina - Principal Coordinates
Sigma_T_12 = cell(Number_of_plies ,1);
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for k = 1:Number_of_plies

Sigma_T_12{k} = Q{k}*Epsilon_T_12{k};

end

Sig_T_12 = (cell2mat(Sigma_T_12));
Sig_T_12(isnan(Sig_T_12)) = 0;

threes = 3*ones(1,Number_of_plies);
Sigma_T_12 = mat2cell(Sig_T_12,threes,[1]);

for k = 1:Number_of_plies

Net_Sig_Therm{k} = Qbar{k}*Epsilon_T_xy{k};

end
Net_Thermal_Stress = sum(cat(3,Net_Sig_Therm{:}),3);

%% Mechanical Analysis

%% Mechanical Stress in Laminate - Global Coordinates
Sigma_Long = (Pressure*Radius)/(2*Laminate_Thickness);
Sigma_Hoop = (Pressure*Radius)/Laminate_Thickness;

Sigma_xy = [Sigma_Long; Sigma_Hoop; O0];
%% Mecanical Strains in Laminate - Global Coordinates
Inverse_Modulus_Matrix = [1/E_x -v_yx/E_y n_sx/G_xy;...

-v_xy/E_x 1/E_y n_sy/G_xy;...
n_xs/E_x n_ys/E_y 1/G_xy];

Epsilon_xy = Inverse_Modulus_Matrix * Sigma_xy;
%% Net Mechanical Strains in Lamina - Principal Coordinates
Ti1 = m."2;
T12 = n."2;
T13 = 2*m.*n;
T23 = -2*m.x*n;
T31 = -m.*n;
T32 = m.*n;

T33 = (m."2)-(n."2);

trans = [T11 T12 T13;T12 T11 T23;T31 T32 T33];

T = cell(Number_of_plies,1);

for k = 1:Number_of_plies

T{k} = trans(:,[k k+Number_of_plies k+2*xNumber_of_plies]);
end

Epsilon_12 = cell(Number_of_plies,1);
for k = 1:Number_of_plies
Epsilon_12{k} = T{k}*Epsilon_xy;

end

%% Mechanical Stresses in Lamina - Principal Coordinates
Sigma_12 = cell(Number_of_plies,1);

for k = 1:Number_of_plies

Sigma_12{k} = Q{k}*Epsilon_12{k};

end

%% Net Stress in Lamina - Principal Coordinates
Net_Sigma_12 = cell (Number_of_plies,1);

for k = 1:Number_of_plies

Net_Sigma_12{k} = Sigma_12{k}+Sigma_T_12{k};

end
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Net_Sigma_12 = reshape(Net_Sigma_12,[1 Number_of_plies]);
stress_mat = cell2mat(Net_Sigma_12);

Sigma_1 = stress_mat(1,:);

Sigma_2 = stress_mat(2,:);

Tau_6 = stress_mat (3,:);

%% Net Strain in Lamina - Principal Coordinates
Net_Epsilon_12 = cell(Number_of_plies ,1);

for k = 1:Number_of_plies

Net_Epsilon_12{k} = Epsilon_12{k}+Epsilon_T_12{k};

end

Net_Epsilon_12 = reshape(Net_Epsilon_12,[1 Number_of_plies]);

Strain_mat = cell2mat(Net_Epsilon_12);

Epsilon_1 = Strain_mat(1,:);

Epsilon_2 = Strain_mat(2,:);

Gamma_6 = Strain_mat (3,:);

%% Tsai-Wu failure analysis

f1 = (1/F1t)-(1/F1c);

f11 = 1/(Flt*Flc);

f2 = (1/F2t)-(1/F2c);

£f22 = 1/(F2t*F2c);

f6 = 1/(F6°2);

£12 = -(1/2)*((£11x£22)°(1/2));

a_TW = f11.x(Sigma_1.72)+£f22.*(Sigma_2.72)+...
f6.*(Tau_6.72)+2.*xf12 . xSigma_1.*Sigma_2;

b_TW = f1.xSigma_1+f2.*xSigma_2;

Tsai_Wu_quadratic = a_TW+b_TW-1 == 0;

Sft_TW = (-b_TW+(((b_TW."2)+4.%a_TW).~(1/2)))./(2.*xa_TW);
Sft_TW(isnan(Sft_TW)) = O0;

Sfc_TW = abs(-b_TW-(((b_TW."2)+4.%xa_TW). (1/2))./(2.xa_TW));
Sfc_TW(isnan(Sfc_TW)) = 0;

Tension_Test_Pass = [Sft_TW > 1];
Tension_Test_Fail [Sft_TW < 1]1;
Compression_Test_Pass = [Sfc_TW > 1];
Compression_Test_Fail = [Sfc_TW < 1]1;

%% Maximum Stress failure analysis
Failure_Stress_1_Direction = cell(Number_of_plies ,1);
for k = 1:Number_of_plies

if Sigma_1(k)>0
Failure_Stress_1_Direction{k}
else
Failure_Stress_1_Direction{k} = Fic/(cos(Orientation(k))~2);
end

end

Fi1t/(cos(Orientation(k))"2);

Failure_Stress_2_Direction = cell (Number_of_plies,1);
for k = 1:Number_of_plies

if Sigma_2(k)>0
Failure_Stress_2_Direction{k}
else
Failure_Stress_2_Direction{k} = F2c/(sin(Orientation(k))"~2);
end

end

F2t/(sin(0Orientation(k))"2);

Failure_Stress_6_Direction = cell (Number_of_plies,1);
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for k 1: Number_of_plies

if Tau_6(k)>0
Failure_Stress_6_Direction{k}
else
Failure_Stress_6_Direction{k}
end

end

Max_Stress_Pass_1_Direction
for k 1:Number_of_plies
if Failure_Stress_1_Direction{k}
if Failure_Stress_1_Direction{k}
Max_Stress_Pass_1_Direction{k}
else
Max_Stress_Pass_1_Direction{k}
end

else

if Failure_Stress_1_Direction{k}
Max_Stress_Pass_1_Direction{k}
else
Max_Stress_Pass_1_Direction{k}
end

end

end

ce

Max_Stress_Pass_2_Direction
for k 1:Number_of_plies
if Failure_Stress_2_Direction{k}
if Failure_Stress_2_Direction{k}
Max_Stress_Pass_2_Direction{k}
else
Max_Stress_Pass_2_Direction{k}
end

else

if Failure_Stress_2_Direction{k}
Max_Stress_Pass_2_Direction{k}
else
Max_Stress_Pass_2_Direction{k}
end

end

end

ce

Max_Stress_Pass_6_Direction
for k 1:Number_of_plies
if Failure_Stress_6_Direction{k}
if Failure_Stress_6_Direction{k}
Max_Stress_Pass_6_Direction{k}
else
Max_Stress_Pass_6_Direction{k}
end

else

if Failure_Stress_6_Direction{k}
Max_Stress_Pass_6_Direction{k}
else
Max_Stress_Pass_6_Direction{k}
end

end

end

ce

if sum(cell2mat (Max_Stress_Pass_

F6/(cos(Orientation(k))*sin(Orientation(k)));

F6/(cos(0Orientation(k))*sin(Orientation(k)));

11 (Number_of_plies ,1);

> 0
Sigma_1(k)>0
1

0;

Sigma_1(k)<0
1;

0;

11 (Number_of_plies ,1);

> 0
Sigma_2(k)>0
1;

o

Sigma_2(k)<0
1;

0;

11 (Number_of_plies ,1);

> 0
Tau_6 (k) >0
1;

0;

1;

Tau_6 (k) <0

0;

1_Direction)) Number_of_plies &&...
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sum (cell2mat (Max_Stress_Pass_2_Direction)
sum(cell2mat (Max_Stress_Pass_6_Direction)

Number_of_plies
Number_of_plies

~

Max_Stress_Failure_Analysis = 1;
else
Max_Stress_Failure_Analysis = 0;

end

Hoth
Failure_Strain_1_Direction =
for k = 1:Number_of_plies

if Epsilon_1(k)>0
Failure_Strain_1_Direction{k}
else
Failure_Strain_1_Direction{k}
end

Maximum Strain failure analys
cel

end
Failure_Strain_2_Direction = cel
for k = 1:Number_of_plies

if Epsilon_2(k)>0
Failure_Strain_2_Direction{k}
else
Failure_Strain_2_Direction{k}
end

end
Failure_Strain_6_Direction = cel
for k = 1:Number_of_plies
Failure_Strain_6_Direction{k} =
end
Max_Strain_Pass_1_Direction = ce
for k = 1:Number_of_plies

if Failure_Strain_1_Direction{k}
if Failure_Strain_1_Direction{k}
Max_Strain_Pass_1_Direction{k} =
else
Max_Strain_Pass_1_Direction{k} =
end

else

if Failure_Strain_1_Direction{k}
Max_Strain_Pass_1_Direction{k} =
else
Max_Strain_Pass_1_Direction{k} =
end

end

end

Max_Strain_Pass_2_Direction =
for k = 1:Number_of_plies

if Failure_Strain_2_Direction{k}
if Failure_Strain_2_Direction{k}
Max_Strain_Pass_2_Direction{k} =
else
Max_Strain_Pass_2_Direction{k} =
end

else

if Failure_Strain_2_Direction{k}
Max_Strain_Pass_2_Direction{k} =
else

ce

is
1 (Number_of_plies ,1);

F1t/E1;

-F1c/E1;

1 (Number_of_plies ,1);

F2t/E2;

-F2c/E2;

1 (Number_of_plies,1);
F6/G12;

11 (Number_of_plies ,1);

> 0
- Epsilon_1(k)>0
1

0;

- Epsilon_1(k)<0
1;

o

11 (Number_of_plies ,1);
> 0
- Epsilon_2(k)>0
1;
0;

- Epsilon_2(k)<0
1;
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Max_Strain_Pass_2_Direction{k} = 0;
end
end
end

Max_Strain_Pass_6_Direction = cell(Number_of_plies,1);
for k = 1:Number_of_plies

if Failure_Strain_6_Direction{k} > 0

if Failure_Strain_6_Direction{k} - Gamma_6(k)>0
Max_Strain_Pass_6_Direction{k} = 1;

else

Max_Strain_Pass_6_Direction{k} = 0;

end

else

if Failure_Strain_6_Direction{k} - Gamma_6 (k) <0
Max_Strain_Pass_6_Direction{k} = 1;

else
Max_Strain_Pass_6_Direction{k} =
end

end

end

o

if sum(cell2mat(Max_Strain_Pass_1_Direction)) Number_of_plies
sum(cell2mat (Max_Strain_Pass_2_Direction)) == Number_of_plies
sum(cell2mat (Max_Strain_Pass_6_Direction)) == Number_of_plies

Max_Strain_Failure_Analysis = 1;
else
Max_Strain_Failure_Analysis = 0;

end
%% Tsai-Hill failure analysis

F1_TH cell (Number_of_plies ,1);
for k = 1:Number_of_plies

if Sigma_1(k)>0

F1_TH{k} = Fit;

else

F1_TH{k} = Flic;

end

end

F2_TH = cell(Number_of_plies,1);

for k = 1:Number_of_plies
if Sigma_1(k)>0
F2_TH{k} = F2t;

else

F2_TH{k} = F2c;

end

end

F6_TH = cell(Number_of_plies,1);

for k = 1:Number_of_plies
F6_TH{k} = F6;
end

A_TH 1./((cell2mat (F1_TH) ')."2);
B_TH = 1./((cell2mat(F2_TH)')."2);
C_TH = -1./((cell2mat(F1_TH)')."2);
D_TH 1./((cell2mat (F6_TH) ')."2);
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Tsai_Hill_Pass_Fail = cell(Number_of_plies,1);
for k = 1:Number_of_plies

Tsai_Hill_Pass_Fail{k} = (A_TH(k)*Sigma_1(k)"2)+(B_TH(k)*Sigma_2(k)"2)+...

(C_TH(k)*Sigma_1(k)*Sigma_2(k))+...
(D_TH(k)*Tau_6(k) "2);
end

if sum(cell2mat(Tsai_Hill_Pass_Fail)) < Number_of_plies
Tsai_Hill_Failure_Analysis = 1;

else

Tsai_Hill_Failure_Analysis = 0;

end

%% FAILURE ANALYSIS CRITERIA SELECTION

A Tsai_Wu = 1
% Maximum_Stress = 2
% Maximum_Strain = 3
h Tsai_Hill = 4
Failure_Mode_Analysis_Criteria = 1
%% Results
fprintf ('%s\n',"'")
if Failure_Mode_Analysis_Criteria == 1
if Tension_Test_Pass == One & Compression_Test_Pass == 0One
fprintf ('For Tsai-Wu failure criteria tank = Pass\n')
else fprintf ('For Tsai-Wu failure criteria tank = Faill\n')
end
elseif Failure_Mode_Analysis_Criteria == 2
if Max_Stress_Failure_Analysis == 1
fprintf ('For maximum stress failure criteria tank = Pass\n')
else fprintf ('For maximum stress failure criteria tank = Faill\n')
end
elseif Failure_Mode_Analysis_Criteria == 3
if Max_Strain_Failure_Analysis == 1
fprintf ('For maximum strain failure criteria tank = Pass\n')
else fprintf ('For maximum strain failure criteria tank = Failln')
end
elseif Failure_Mode_Analysis_Criteria == 4
if Tsai_Hill_Failure_Analysis == 1
fprintf ('For Tsai-Hill failure criteria tank = Pass\n')
else fprintf ('For Tsai-Hill failure criteria tank = Faill\n')
end

else fprintf('Please select failure analysis criterialn')

end

fprintf ('%s\n',"'")

fprintf ('Common bulkhead tank height
Total_Tank_Height_CB)

fprintf ('%s\n',"'")

fprintf ('Combined individual tank heights
Combine_Tank_Height_IT)

%0.4f in\n',...

%0.4f in\n',...

fprintf ('Individual HTP tank height = %0.4f in\n',...

Height _HTP_IT)
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fprintf ('Individual RP-1 tank height = %0.4f in\n',...

Height _RP1_IT)

fprintf ('%s\n',"")

hh

Weight Calculation

Outer_Radius = Radius+Laminate_Thickness;

%Common Bulkhead Calculation
Liner_Volume_CB = 1.5%(4/3)*pi()*((Radius~3)-(Inner_Radius”3))+

pi()*Midsection_Height_CB*((Radius~2)-(Inner_Radius~2));

Liner_Weight_CB = Liner_Density*Liner_Volume_CB;

Composite_Volume

(4/3)*pi ()*((Outer_Radius~3)-(Radius~3))+
pi()*Midsection_Height_CB*((Outer_Radius~2)-(Radius~2));

Composite_Weight = Composite_Density*Composite_Volume;

if Tension_Test_Pass == One & Compression_Test_Pass == One
Total_Weight _CB = Liner_Weight_CB+Composite_Weight;

else Total_Weight_CB = nan

end

%Individual Tank Calcualtion
Liner_Volume_IT = 2%(4/3)*pi()*((Radius”~3)-(Inner_Radius~3))+

pi()*Midsection_Height_IT*((Radius~2)-(Inner_Radius”~2));

Liner_Weight_IT = Liner_Density*Liner_Volume_IT;
Composite_Volume = 2*(4/3)*pi()*((0Outer_Radius~3)-(Radius~3))+

Composite_Vol_HTP

Composite_Vol_RP1

pi()*Midsection_Height _IT*((Outer_Radius~2)-(Radius~2));

2x(4/3)*pi (O*((Outer_Radius~3)-(Radius~3))+
pi()*Midsection_Height HTP*((Outer_Radius~2)-(Radius~2));
2x(4/3)*pi ()*((Outer_Radius~3)-(Radius~3))+
pi()*Midsection_Height _RP1*((Outer_Radius~2)-(Radius~2));

Liner_Volume_HTP = (4/3)*pi()*((Radius”~3)-(Inner_Radius~3))+

pi()*Midsection_Height _HTP*((Radius~2)-(Inner_Radius~2));

Liner_Volume_RP1 = (4/3)*pi()*((Radius”~3)-(Inner_Radius~3))+

Liner_Weight_ HTP

pi()*Midsection_Height_RP1*((Radius~2)-(Inner_Radius~2));

Liner_Density*Liner_Volume_HTP;

Liner_Weight_RP1 = Liner_Demnsity*Liner_Volume_RP1;

Composite_Weight = Composite_Density*Composite_Volume;
Composite_Weight _HTP = Composite_Density*Composite_Vol_HTP; 71lb
Composite_Weight_RP1 = Composite_Density*Composite_Vol_RP1; %1lb

Weight _HTP_IT = Composite_Weight_ HTP+Liner_Weight_HTP; kg

Weight _RP1_IT

Composite_Weight_RP1+Liner_Weight_RP1; %kg

if Tension_Test_Pass == One & Compression_Test_Pass == 0One
Total_Weight_IT = Liner_Weight_IT+Composite_Weight;
else Total_Weight_IT = nan

end

Estimate_Buffering_Factor = 1.5;
Propellant _COPV_Safe_Weight_CB = Total_Weight_CB*Estimate_Buffering_Factor;

fprintf ('Propellant tank weight common bulkhead design = 70.4f Lb\n',...

fprintf ('

fprintf ('Individual HTP tank weight

Total_Weight_CB)

%0.4f Kg\n',...
Total_Weight_CB*0.453592)

%0.4f Lb\n',...
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Weight _HTP_IT)
fprintf ('
Weight HTP_IT*0.453592)
fprintf ('Individual RP-1 tank weight
Weight _RP1_IT)
fprintf ('
Weight _RP1_IT*0.453592)
fprintf ('Combined tank weight individual tank design
Total_Weight_IT)
fprintf ('
Total_Weight _IT*0.453592)

fprintf ('%s\n',"'")

%% Excel Output

if Tension_Test_Pass == One & Compression_Test_Pass
if Write_to_Excel == 0

return

end

else

fprintf (' ERROR HAS OCCURED. CHECK INPUT VALUES AND LOOK FOR

return
end

%0.4f Kg\n'

%0.4f Lb\n'

%0.4f Kg\n'

%0.4f Lb\n'

%0.4f Kg\n'

3o e e

5 e e e

3o e

3o e

3 e ..

"NaN" |)

WL 7777777777777 77777777777777777777777777777777777777777777777

%% General Rocket Info

xlswrite('Master.xlsx',Aero_Optimum_Radius, 'Rocket_Main'
xlswrite ('Master.xlsx',Radius, 'Rocket_Main'

xlswrite ('Master.xlsx',Inner_Radius,
xlswrite('Master.xlsx',HTP_Volume,
xlswrite('Master.xlsx',HTP_Density,
xlswrite('Master.xlsx',HTP_Mass,

'Rocket_Main'
'Rocket_Main'
'Rocket_Main'
'Rocket_Main'

xlswrite('Master.xlsx',Midsection_Height_ HTP,'Rocket_Main'

xlswrite ('Master.xlsx',RP1_Volume,
xlswrite('Master.xlsx',RP1_Density,
xlswrite('Master.xlsx',RP1_Mass,

'Rocket_Main'
'Rocket_Main'
'Rocket_Main'

xlswrite('Master.xlsx',Midsection_Height_RP1,'Rocket_Main'
Xlswrite(‘Master.Xlsx',Total_Propellant_Mass,’Rocket_Main'
xlswrite('Master.xlsx',MEOP, 'Rocket_Main'

%% Composite Properties

% Reinforcement: Toray T1000G Carbon Fiber
xlswrite('Master.xlsx',Fiber_Density,
xlswrite('Master.xlsx',Fiber_Longitudinal_Modulus,
xlswrite ('Master.xlsx',Fiber_Transverse_Modulus,
xlswrite ('Master.xlsx',Fiber_Axial_Shear_Modulus,

xlswrite ('Master.xlsx',Fiber_Transverse_Shear_Modulus,

xlswrite('Master.xlsx',Fiber_Poissons_Ratio,

xlswrite('Master.xlsx',Fiber_Longitudinal_CTE,
xlswrite('Master.xlsx',Fiber_Transverse_CTE,

% Matrix: 3501-6 Epoxy
xlswrite('Master.xlsx',Matrix_Density,
Xlswrite(‘Master.Xlsx',Matrix_Youngs_Modulus,
xlswrite('Master.xlsx',Matrix_Shear_Modulus,
xlswrite('Master.xlsx',Matrix_Poissons_Ratio,
Xlswrite(‘Master.Xlsx',Matrix_Tensile_Strength,

137

5

>

>

'C3');
'C6');
"C7T');
) 'C10");
> c11');
R C12');
) 'C13");
> C141');
, 'C15');
, 'C16');
) 'C17 ") ;
, 'C18');
, 'C19");

'Composite
'Composite
'Composite
'Composite
'Composite
'Composite
Xlswrite(‘Master.Xlsx',Fiber_Longitudinal_Tensile_Strength,'Composite
'Composite
'Composite

'Composite
'Composite
'Composite
'Composite
'Composite

1

1

>

>

,'C3");
»'C41);
,'C5');
,'C6");
»'CT1);
,'C8");
,'C9');
»'C10");
'c11');

-

C14');
'C15');
'C16');
C17 ') ;
'C18');



xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.

x1lsx
xlsx
x1lsx
x1lsx
xlsx

,Matrix_Compressive_Strength,
,Matrix_Shear_Strength,
,Matrix_CTE,

,Matrix_Glass_Transition_Temperture,

,Matrix_Maximum_Use_Temperature,

% Composite Lamina Properties

xlswrite ('Master

xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.

.xlsx
x1lsx
x1lsx
xlsx
x1lsx
x1lsx
xlsx
x1lsx
x1lsx
xlsx
x1lsx
x1lsx
xlsx
x1lsx

% Laminate Structure

xlswrite ('Master

.xlsx

% Composite Laminate

xlswrite ('Master

xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.
xlswrite ('Master.

.xlsx
x1lsx
xlsx
x1lsx
x1lsx
x1lsx
x1lsx
x1lsx
x1lsx
x1lsx
x1lsx
x1lsx

, Number_of_plies,
,Fiber_Volume_Fraction,
,Lamina_Thickness (1,1),

,Flc,

,0rientation, 'Composite','G25

Properties

,E_x, 'Composite
,ELy, 'Composite
,G_xy, 'Composite
s V_XY, 'Composite
,V_yX, 'Composite
,N_SX, 'Composite
,N_XS, 'Composite
,D_SY, 'Composite
,N_YyS, 'Composite
,Composite_Density, 'Composite

,avg_ax*1076,
,avg_ay*1076,

'Composite
'Composite
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6.1.3 Probability of Failure Analysis Script - MATLAB

%Probability of Failure Analysis
clear;
clc;

%% Variable Initiation
fprintf ('Variable Initiation:')

fprintf ('%s\n',"'")

Material = 1

YA 1; %Carbon Fiber / Epoxy
% 2; %Xevlar Fiber / Epoxy
b 3; %Glass Fiber / Epoxy

MEOP = 1000; 7%Psi

Expected_Burst_Strength = 1100; %Psi

Percent _ULT = (MEOP/Expected_Burst_Strength)*100;
Loading_Time = 1; %Hours

if Material == 1
fprintf ('Material:
Alpha = 0.20;

Beta = (1.4%(10°51

else if Material == 2
fprintf ('Material:
Alpha = 0.93;

Beta = (2.0%(10718))*(10°(-0.198*Percent_ULT));

else if Material == 3
fprintf ('Material:

Alpha = 1.00;
Beta = (1.4%(10°13))*(10°(-0.158*%Percent_ULT));
else

))*(10~(-0.515*xPercent_ULT));

fprintf ('Error: Please Select Material Option\n')

end

end

end

fprintf ('Maximum Expected Operating Pressure

fprintf ('Expected Burst Pressure
Expected_Burst_Strength)

fprintf ('Percent loading of ultimate burst strength

Percent _ULT)
fprintf ('Weibull shape factor
fprintf ('Weibull charactaristic life

Carbon Fiber / Epoxy\n')

Kevlar Fiber / Epoxy\n')

Glass Fiber / Epoxy\n')

%0.
%0.

%0.

%0 .
%0

Probability_of_Survival = exp(-((Loading_Time/Beta)) Alpha);
fprintf ('Probability of Survival Current Configuration =

Expected_Burst_Strength)

while Probability_of_Survival<0.999
Percent _ULT = (MEOP/Expected_Burst_Strength)*100;
if Material == 1

Alpha = 0.20;

Beta = (1.4%(10°51))*(10°(-0.515*xPercent_ULT));
else if Material == 2

Alpha = 0.93;

Beta = (2.0%(10°18))*(10°(-0.198*Percent_ULT));
else if Material == 3

Alpha = 1.00;
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Beta = (1.4%(10°13))*(10°(-0.158*Percent_ULT));
else
fprintf ('Error: Please Select Material Option\n')
end
end
end
Probability_of_Survival = exp(-((Loading_Time/Beta)) Alpha)
Expected_Burst_Strength = Expected_Burst_Strength+1; /Psi
end

fprintf ('/s\n', ' —————--------

fprintf ('Required Burst Strength Survival Prob. of 0.999 =
Expected_Burst_Strength)
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6.1.4 Slosh Mitigation Baffle Analysis Script- MATLAB

%% Propellant Tank Baffle Design

clear;

clc;

syms zeta w delta d DR F g rho n Nm M H;

%% Miles Expression

Miles_expression = (2*%pi())*2.83%exp(-4.60%x(d/R)*((R"2-(R-w)~2)/R"2)°(3/2)...
x(zeta/R)"(1/2)) - delta == 0;

Baffle_depth = vpa(solve(Miles_expression,d),5); Jinches

%% 0'Neill's Expression

ONeill_expression = (2*pi())*2.16%exp(-4.60*%(d/R)*((R"2-(R-w)~2)/R"2)7(3/2)...

*(F/(rho*xg*xR"3))"(1/2)) - delta == 0;
Baffle_depth = vpa(solve(ONeill_expression,d),5); %inches

%% Bauers Extension
clear;

% Variables

% N = total number of submerged baffles

% M = total number of unsubmerged baffles
% B = total number of baffles

% D = spacing between baffles

% L = fluid level

% V = fluid volume

% VO = initial fluid volume
% VEf = final fluid volume

% VFR = dV/dt

% t = time

% @ t = 0:

% tank is full, therefore L=H, B=N, M=0, VO=(pi*R"2)H
% @ t = end:

% tank is empty, therefore L=0, B=M, N=0, V=0

% Initial conditions:

%Timing
Burn_time = 100; .o vt it e sec
Time_step = 1; oo sec

%Tank Properties

3 R A T inches
Vol _L = 647 .5 e e i e e e e e e e Liters

V o= Vol_L* 61.0237; e it e e e e e e e e e e in~3

VO = V5 e e e e e e in~3

VER = V/BUTn_time; e o oo i i e e e e e e e e e e e e e e e e e e e e in~3/sec
H= (V-(4/3)*pi (O*R"3)/(pi (D*R"2)+2*R; . ... ... ... ....... inches

L = V/(PiO*RT2) ;5 e e e inches
LO = Ly e e e e e e e inches
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%Assumptions

Zet A T B e e e e e e e inches
N = 0 e e count
/Y count
W 2 e e e e e e inches

B = M+N;

D = H/(B-1);

k = 1;

dmat cell(1,Burn_time/Time_step);

BE1 =
BE2 =

cell(B,Burn_time/Time_step);
cell(B,Burn_time/Time_step);

L_track = cell(l1,Burn_time/Time_step);
V_track = cell(1,Burn_time/Time_step);

for t

\

V_

L

L_

= 0:Time_step:Burn_time

= VO -(t*x(VFR));
track{k} = V;

= V/(pi(O*R"2);
track{k} = L;

if L-(N-1)*D > 0;

d = L-(N-1)%D;
else;
N N-1;
M = M+1;
d = D;
end
dmat{k}=4d;
if N >=1
for n=1:N

% an_bar declairation

anl =
an2 =
an3 =
and =

anb =
an6 =
an7 =
an8 =
an9 =
anl0

anll

anl?2
anl3

anl4d =
anlb =

(w/R)*(2-(w/R));
(1/2)*(1-(((d/R)+(n-1)*(D/R))/(zeta/R)));
(2/pi O))*(((d/R)+(n-1)*(D/R))/(zeta/R));
log(((zeta/R)+sqrt ((zeta/R)"2-((d/R)+(n-1)*(D/R))"2)/...
((d/R)+(n-1)*(D/R))));
(1/pi O))*(((da/R)+(n-1)*(D/R))/(zeta/R));
sqrt ((zeta/R)"2-((d/R)+(n-1)*(D/R))"2);
(1/pi O)*asin((((d/R)+(n-1)*(D/R))/(zeta/R)));
(1/2)*(((d/R)+(n-1)*(D/R))/(zeta/R));
(1/2)*((1-(w/R))"2)*(1-(((d/R)+(n-1)*(D/R))/((1-(w/R))*(zeta/R))));
(2/pi O))*((((d/R)+(n-1)*(D/R))*(1-(w/R)))/(zeta/R));
log(((zeta/R)+sqrt ((zeta/R)"2-((((d/R)+(n-1))/(1-(w/R)))*(D/R))"2)/...
(((d/R)+(n-1)*(D/R))/(1-(w/R))I)));
(1/pi O))*((((d/R)+(n-1)*(D/R))*(1-(w/R)))/((zeta/R)"2));
sqrt (((zeta/R) "2)+((((d/R)+(n-1)*(D/R))"2)/((1-(w/R))"2)));
(1/piO)*((1-(w/R))"2)*asin (((d/R)+(n-1)*(D/R))/((1-(w/R))*(zeta/R)));
(1/2)*(1-(w/R))*(((d/R)+(n-1)*(D/R))/((zeta/R)));

if ((d/R)+(n-1)*(D/R)) >= (zeta/R)
an_bar = (w/R)*(2-(w/R));

elseif ((zeta/R)*(1-(w/R))) <= ((d/R)+(n-1)*(D/R)) <= (zeta/R)
an_bar = anl-an2+an3*an4-anb5*an6+an7-an8;
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else

an_bar = anl-an2+an3*an4-anb*an6+an7-an8+an9-anlO*anll+anl2x*...
anl3-anl4+anilb;

end

BE1{n,k} = exp(-4.6*((d\R)+(n-1)*(D/R)))*an_bar~(3/2);

end

else

n=0;

BE1{1,k} = exp(-4.6*((d\R)+(n-1)*(D/R)))*an_bar~(3/2);

end

for m = 1:M

% am_bar declairation

aml = (1/2)*(1-((m*(D/R)-(d/R))/(zeta/R)));

am2 = (2/pi))*((m*(D/R)-(d/R))/(zeta/R));

am3 = log((((zeta/R)+sqrt (((zeta/R)"2)-((m*x(D/R)-(d/R))"2)))/(m*x(D/R)-(d/R))));

amd = (1/pi ) *((m*(D/R)-(d/R))/((zeta/R)"2));

amb = sqrt(((zeta/R)"2)-((m*x(D/R)-(d/R))"2));

amé = (1/pi())*asin(((m*(D/R)-(d/R))/((zeta/R))));

am7 = (1/2)*((m*(D/R)-(d/R))/(zeta/R));

am8 = (1/2)*((1-(w/R))"2)*(1-(((m*x(D/R)-(d/R))/((1-(w/R))*(zeta/R)))));

am9 = (2/pi ) *(((m*x(D/R)-(d/R))*(1-(w/R)))/(zeta/R));

am10 log ((((zeta/R)+sqrt (((zeta/R)"2)-((m*(D/R)-(d/R))/((1-(w/R))"2))))/...
((m*x(D/R)-(d/R))/(1-(w/R)))));

ami1 (1/pi ) *(((m*(D/R)-(d/R))*(1-(w/R)))/((zeta/R)"2));

am12 sqrt (((zeta/R)~2) -(((m*(D/R)-(d/R))/(1-(w/R)))"2));

am13 (1/piO)*((1-(w/R))"2)*asin (((m*x(D/R)-(d/R))/((1-(w/R))*x(zeta/R))));

am14 (1/2)*(1-(w/R))*((m*(D/R)-(d/R))/(zeta/R));

if (m*(D/R)-(d/R)) >= (zeta/R)
am_bar = 0;

elseif ((zeta/R)*(1-(w/R))) <= ((D/R)-(d/R)) <= (zeta/R)
am_bar = aml-am2*am3+amé4*amb-am6+am7 ;

else

end

am_bar = aml-am2*am3+amé4*amb-am6+am7-am8+am9*aml0-amll*xami2+...

aml3-amil4;

BE2{m,k} = exp(-4.6*(m*(D/R)-(d/R)))*am_bar~(3/2);

end

k =
end

k+1;

empties = cellfun('isempty',BE1);
BE1 (empties) = {0};

BE1

cellfun (@(M)subsasgn (M, substruct('()',{isnan(M)}),0) ,BEl, 'uniform',0);

empties = cellfun('isempty',BE2);
BE2 (empties) = {0};

BE2

cellfun (@(M) subsasgn (M, substruct (' ()',{isnan(M)}),0),BE2, 'uniform’',0);

L_track = cell2mat(L_track);
V_track = cell2mat(V_track);
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%

Summation terms

BECoeff = 2.83*sqrt((zeta/R));

Bauer_Delta = BECoeff.*sum(real(cell2mat(cellfun(@plus,BE1,BE2, 'uni',0))));
Bauer_Delta(Bauer_Delta < 0) = 0;

Bauer_Delta(Bauer_Delta > 1) = 0;

h

Plots

Baffle = [0:D:H];

figure (1)

plot (0:Time_step:Burn_time ,Bauer_Delta(1,:))

x1im ([0 Burn_time])

title('Damping factor vs burn time in draining tank at constant flow rate')
xlabel ('Engine burn time (sec)')

ylabel ('Damping factor')

x0=0;

y0=600;

width=1920;

height=400;

plot (L_track(1l,:),Bauer_Delta(l,:))

x1im ([0 LOJ)

set(gca, 'XDir','reverse')
title('Damping factor vs fluid level in draining tank at constant flow rate')
xlabel ('Fluid level (in)"')

ylabel ('Damping factor')

x0=0;

y0=600;

width=1920;

height=400;

set (gcf, 'position',[x0,y0,width,height])

h

= gobjects(size(Baffle));

for i = 1:numel(Baffle)

h(i) = xline(Baffle(i),'-."');

end

figure (3)
plot(V_track(1l,:),Bauer_Delta(l,:))
x1im ([0 VO])
set(gca, 'XDir','reverse')
title('Damping factor vs fluid volume in draining tank at constant flow rate')
xlabel ('Fluid volume (in~3)')
ylabel ('Damping factor ')
x0=0;
y0=600;
width=1920;
height=400;
set (gcf, 'position',[x0,y0,width,height])
h = gobjects(size(Baffle));
for i = 1:numel(Baffle)
h(i) = xline(Baffle(i),'~-.");
end

figure (4)

dmat = cell2mat (dmat)

plot (0:Time_step:Burn_time ,dmat(1,:),'-.")

x1im ([0 Burn_time])

title ('Damping factor vs fluid level in draining tank at constant flow rate')
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% xlabel ('Fluid level (in)')
% ylabel ('Damping factor')

% x0=0;

% y0=600;

% width=1920;

% height=400;

%% Weight contribution
Baffle_thickness = 0.1; Yinches

% 6061-T6 Almuminum
Density = 0.0975; %1b/in"~3

Baffle_area = pi()*(R"2-(R-w)"2); %in~"2

Baffle_volume = Baffle_area*xBaffle_thickness; %in~3
Baffle_weight = Baffle_volume*Density; %1lb
Total_baffle_weight = BxBaffle_weight; %1lb
Total_baffle_volume = BxBaffle_volume; %in~3
Fluid_raise = Total_baffle_volume/(pi()*R~2); Yinches

fprintf ('Total baffle system weight = 70.4f 1b\n',Total_baffle_weight)

% fprintf ('Total baffle system volume = %0.4f in"3\n',Total_baffle_volume)
fprintf ('Fluid rise due to baffle volume = %0.4f in\n',Fluid_raise)
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6.1.5 Stacking Center of Mass Script- MATLAB

%% Center of gravity shift
clear;
clc;

% Variables
% L = fluid level
% V = fluid volume
% VO = initial fluid volume
% VEf = final fluid volume
% VFR = dv/dt
% t = time
R = rocket optimal radius
% r = tank inner radius
S = space between tanks

% Initial conditions:
%Constants

Time_step = .01; ..t sec
Burn_time = 100; . vt e sec
R = 8 e v e inches
T = T o8, e o inches
S = 2h ;e inches
%HTP
HTP_VOol_L = 647 .5 et i e e e e e e e e e e e e e s e e Liters
V_HTP = HTP_Vol_L* 61.0237; e v v vt e e e e e et e e e et e e e e e e e e in~3
H_HTP = (V_HTP-(4/3)*piO*r~3)/(piO*r"2)+2*%R; %.............. inches
Density_HTP = 0.02926311; ..ottt lbm/in"~3
VFR_HTP = V_HTP/Burn_time; . . . v ittt e e e e e e e e e e in~3/sec
L_HTP = V_HTP/(piO*T"2); Jou it inches
M_HTP = V_HTP*Density_HTP U .. ... ... i 1bm
Tank_mass_HTP = 170.6365; /. v it e e e e e e e e e e e 1bm
%RP1
RP1_Vol_L = HTP_VOLl_L/T 5 e e e e e e e s e e e Liters
V_RP1 = RP1_VOol_L* 61.0237; e v e et e et e et e e e et e e e e e in~3
H_RP1 = (V_RP1-(4/3)*pi(*r"3)/(piO*r 2)+2%R;%. ... ........... inches
Density_RP1 = 0.0520233; /... ...ttt lbm/in"3
VFR_RP1 = V_RP1/Burn_time; .o v e e e in~3/sec
L_RP1 = V_RP1/(piQO*T™2) ;5 e i inches
M_RP1 = V_RP1*Density_RP1; ... .. . 1bm
Tank_mass_RP1 = 33.8473; e it e e e e e e e e e e 1lbm

k = 1;

H_Stack = H_HTP + H_RP1 + S;

L_HTP_track = cell(1,Burn_time/Time_step);
L_RP1_track = cell(l,Burn_time/Time_step);
V_HTP_track = cell(1,Burn_time/Time_step);
V_RP1_track = cell(l1,Burn_time/Time_step);
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M_HTP_track = cell(l,Burn_time/Time_step);
M_RP1_track = cell(l,Burn_time/Time_step);
X_HTP = cell(1,Burn_time/Time_step);

X_RP1 = cell(1,Burn_time/Time_step);

CM = cell(l,Burn_time/Time_step);

%% Case 1 - RP1 tank on top

for t = 0:Time_step:Burn_time

V_HTP_track{k}
V_RP1_track{k}

V_HTP -(t*(VFR_HTP));
V_RP1 -(t*(VFR_RP1));

L_HTP_track{k}
L_RP1_track{k}

V_HTP_track{k}/(pi (O*R"2);
V_RP1_track{k}/(pi ()*R"2);

M_HTP_track{k} = V_HTP_track{k}*Density_HTP;
M_RP1_track{k} V_RP1_track{k}*Density_RP1;

X_HTP{k} = L_HTP_track{k}/2;
X_RP1{k} = L_RP1_track{k}/2 + H_HTP + S;

X_HTP_Tank H_HTP/2;
X_RP1_Tank = H_RP1/2 + H_HTP + S;

CM{k} = (M_HTP_track{k}*X_HTP{k}+ M_RP1_track{k}*X_RP1{k}+...
Tank_mass_HTP*X_HTP_Tank + Tank_mass_RP1*xX_RP1_Tank)/...
(M_HTP_track{k}+M_RP1_track{k}+Tank_mass_HTP+Tank_mass_RP1);

k = k+1;
end

CM_RP1_top = cell2mat (CM);

Total_Volume = cell2mat(cellfun(@plus,V_HTP_track,V_RP1_track,'uni',0));
Total_Volume Total_Volume.*0.0163871; %in~3 to liter

plot(Total_Volume ,CM_RP1_top,'-.")

hold on

%% Case 2 - HTP tank on top
k= 1;

for t = 0:Time_step:Burn_time

V_HTP_track{k} = V_HTP -(t*x(VFR_HTP));
V_RP1_track{k} V_RP1 -(t*(VFR_RP1));

L_HTP_track{k}
L_RP1_track{k}

V_HTP_track{k}/(pi ()*R"2);
V_RP1_track{k}/(pi()*R"2);

M_HTP_track{k}
M_RP1_track{k}

V_HTP_track{k}*Density_HTP;
V_RP1_track{k}*Density_RP1;

X_HTP{k}
X_RP1{k}

L_HTP_track{k}/2 + H_RP1 + S;
L_RP1_track{k}/2;

X_HTP_Tank
X_RP1_Tank

H_HTP/2 + H_RP1 + S;
H_RP1/2;

CM{k} = (M_HTP_track{k}*X_HTP{k}+ M_RP1_track{k}*X_RP1{kl}+...
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Tank_mass_HTP*X_HTP_Tank + Tank_mass_RP1*xX_RP1_Tank)/...
(M_HTP_track{k}+M_RP1_track{k}+Tank_mass_HTP+Tank_mass_RP1);

k = k+1;
end

CM_HTP_top = cell2mat (CM);
plot (Total_Volume ,CM_HTP_top)

legend ('RP1 = Top','HTP = Top')

xlabel ('Total propellant volume (liter)')

ylabel ('Center of Mass (inches from bottom of tank stack)')
set (gca, 'XDir','reverse')

y1lim ([70,1401)

x1im ([0, ((V_HTP+V_RP1)*0.0163871)])
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6.1.6 Failure Criteria Comparison- MATLAB

clear;

clc;

syms theta sigl sig2 tau6
m=cosd (theta);

n=sind (theta);

sigx sigy taus

%% From table A.4 for AS4 Carbon/ 3501-6 Epoxy unidirectional composite

Fit = 330;% ... ksi
F2t = 8.3 e i oo ksi
Flc = 2505 . . oo e ksi
F2¢c = 335 e ksi
F6 = 11 % e e e ksi
El = 213005 . v v v v i ksi
E2 = 1500 . v v v i e e ksi
G12 = 10005 % .« v oo ksi
vi2 = 0.27;

v21l = 0.02;

HANNNNNNNNNNNNNNNNNNNNNNNNNNN Y SHEAR STRENGTH
syms theta sigl sig2 tau6 sigx sigy taus
sigx = 0;

sigy = 0;

%% By maxiumum strain theory

epsilon_u_1t = F1t/E1l;
epsilon_u_1c = -Fl1c/El;
epsilon_u_2t = F2t/E2;
epsilon_u_2c = -F2c/E2;
gamma_u_6 = F6/G12;

%% Transformations

T = [m"2 n~2 2*m*n; n"2 m~2
sigglobal = [sigx;sigy;taus];
siglocal = T*xsigglobal;

sigl = siglocal(1l);

sig?2 siglocal (2);

tau6 = siglocal(3);

%% Strain relations
epsilon_1 = (sigl/E1)-v21x(sig2/E2);
epsilon_2 = (sig2/E2)-v12*(sigl/E1);
gamma_6 = tau6/G12;

%% Set Itteration Step Size
Theta_step = 1; 7 degrees

%% Loop

Dot

k = 1;
Max_stress_track cell (1,90*Theta_step);
Max_strain_track cell (1,90*xTheta_step);
Tsai_Hill_track = cell(1,90*Theta_step);

cell (1,90*xTheta_step);

Tsai_Wu_track =
for theta = 0:Theta_step:90

%% Maximum Stress Condition
max_stress_1 = isolate(sigl==F1t,taus);
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max_stress_2 = isolate(sig2==-F2c,taus);
max_stress_3 = isolate(abs(tau6)==F6,taus);

max_stress=[165/(cos ((pi*theta)/180)*sin((pi*theta)/180)); ...
33/(2*cos ((pi*theta)/180)*sin ((pi*theta)/180));...
abs (11/(cos ((pi*theta)/180)~2 - sin((pi*theta)/180)°2))];

Max_Stress_Solition = min(max_stress,[],'all');
Max_stress_track{k} Max_Stress_Solition;

%% Maximum Strain Condition

epl = simplify(epsilon_u_1t - epsilon_
ep2 = simplify(epsilon_u_2c - epsilon_
g6 = simplify(gamma_u_6 - gamma_6 == 0

~ N~
[}
[}

>

max_strain_1 = isolate(epl,taus);
max_strain_2 = isolate(ep2,taus);
max_strain_3 = isolate(g6,taus);

max_strain = [27500/(107*sin((pi*theta)/90));...
46860/(1447*sin ((pi*theta)/90)); ...
abs (11/cos ((pi*theta)/90))];

Max_Strain_Solition = min(max_strain,[],'all');
Max_strain_track{k} = Max_Strain_Solition;

%% Tsai-Hill
Tsai_Hill_Criterion =((sigl1~2)/(F1t~2))+(((sig2)~2)/(F2c~2))+...
((tau6"2)/(F6°2))-((siglxsig2/(F1t~2)))== 1;

RHS _Tsai_Hill_Criterion_Solution = isolate(Tsai_Hill_Criterion,taus);

Tsai_Hill_Criterion_Solution = (9075*((4*cos((pi*theta)/180)"4)/121-...
(464*cos ((pi*theta)/180) "2*xsin((pi*theta)/180)°2)/9075+...
(4xsin((pi*theta)/180)°4)/121)~(1/2))/(2%(75*cos ((pi*theta)/180) 4-...
116*cos ((pi*theta)/180) "2*sin((pi*theta)/180) " 2+...
75%sin ((pi*theta)/180)"4));

Tsai_Hill_track{k} = Tsai_Hill_Criterion_Solution;

%% Tsai-Wu

f1 = (1/F1t)-(1/F1ic);

£2 (1/F2t)-(1/F2c);

f11 = 1/(F1t*Fic);

£22 = 1/(F2t*F2c);

f66 = 1/(F6°2);

£12 = (-1/2)*sqrt (£f11x£22);

Tsai_Wu_Criterion = flxsigl+f2*xsig2+f11*(sigl~2)+£22x%...
(sig272)+£f66*(taub"2)+2*xf12*sigl*sig2==1;

Tsai_Wu_RHS = isolate(Tsai_Wu_Criterion,taus);

Tsai_Wu_Criterion_Solution = (1395035020574284840960*(31125%...
((3931652815671024788192322571*cos ((pi*xtheta)/180) " 2x*...
sin((pi*theta)/180)°2)/135146197360353491288064000000+. ..

(4*cos ((pixtheta)/180)"4)/121+(4*sin((pi*theta)/180)"4)/121)"(1/2)+...
5674*cos ((pi*theta)/180)*sin((pi*theta)/180)))/...
(3%(239231212205920747520000*cos ((pi*theta)/180)"4-...
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29963128917397358985591*cos ((pi*theta)/180) "2*sin ((pi*theta)/180)"2+...
239231212205920747520000*sin ((pi*theta)/180)74));

Tsai_Wu_track{k} = Tsai_Wu_Criterion_Solution;
k = k+1;
end

Max_stress_track
Max_strain_track

Tsai_Hill_track = <cell2mat(Tsai_Hill_track);
Tsai_Wu_track = cell2mat(Tsai_Wu_track);
figure (1)

hold on

plot (0: Theta_step:90,Max_stress_track)

plot (0: Theta_step:90,Max_strain_track,'--"')

plot (0: Theta_step:90,Tsai_Hill_track)
plot (0: Theta_step:90,Tsai_Wu_track)

cell2mat (Max_stress_track);
cell2mat (Max_strain_track);

legend ('Max Stress','Max Strain', 'Tsai-Hill', 'Tsai-Wu')

xlabel('Orientation Angle (deg)')
ylabel ('Predicted Shear Strength (ksi)')

title('Comparison of predicted shear strength by failure criteria')

x0=0;

y0=400;

width=1920;

height=1000;

set (gcf, 'position',[x0,y0,width,height])
hold off

HAANNNNNNNNNNNNNNNNNNNNNNNNN Y TENSILE STRENGTH
syms theta sigl sig2 tau6 sigx sigy taus
sigy = 0;

taus = 0;

%% By maxiumum strain theory
epsilon_u_1t = F1t/E1l;

epsilon_u_1c = -Fic/E1l;
epsilon_u_2t = F2t/E2;
epsilon_u_2c = -F2c/E2;

gamma_u_6 = F6/G12;
%% Transformations

AN N N NN N R N R R R R R R RN

T = [m"2 n~2 2*%m*n; n"2 m~2 -2*m*n;-m*n m*n (m~2-n"2)];

sigglobal = [sigx;sigy;taus];
siglocal = Txsigglobal;

sigl = siglocal(1);

sig2 = siglocal(2);

taub siglocal(3);

%% Strain relations

epsilon_1 = (sigl/E1)-v21x*(sig2/E2);
epsilon_2 (sig2/E2)-v12*(sigl/E1);
gamma_6 = tau6/G12;

%% Set Itteration Step Size
Theta_step = 1; 7 degrees

%% Loop
ho
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k = 1;

Max_stress_track = cell(1,90*xTheta_step);
Max_strain_track = cell(1,90*Theta_step);
Tsai_Hill_track = cell(1,90*Theta_step);
Tsai_Wu_track = cell(1,90*xTheta_step);

for theta = 0:Theta_step:90
%% Maximum Stress Condition

max_stress_1 = isolate(sigl==F1t,sigx);
max_stress_2 = isolate(sig2==F2t,sigx);
max_stress_3 = isolate(abs(tau6)==F6,sigx);

max_stress =[abs (330/cos((theta*pi)/180)°2);...
abs (83/(10*sin((theta*pi)/180)°2)); ...
abs (11/(cos ((pi*theta)/180)*sin((pi*theta)/180)))];

Max_Stress_Solition = min(max_stress,[],'all');
Max_stress_track{k} Max_Stress_Solition;

%% Maximum Strain Condition
epl = simplify(epsilon_u_1t - epsilon_1 == 0
ep2 = simplify(epsilon_u_2t - epsilon_2 == 0
g6 = simplify(gamma_u_6 - gamma_6 == 0)

)
)
max_strain_1 = isolate(epl,sigx);

max_strain_2 = isolate(ep2,sigx);
max_strain_3 = isolate(g6,sigx);

max_strain = [abs(82500/(250*cos ((pi*theta)/180)"2 - 71*sin((pixtheta)/180)72));...
abs (-11786/(27+cos ((pi*theta)/180) "2 - 1420*sin((pi*theta)/180)°2)); ...
abs (-22/sin((pi*theta)/90))]1;

Max_Strain_Solition = min(max_strain,[],'all');
Max_strain_track{k} Max_Strain_Solition;

%% Tsai-Hill
Tsai_Hill_Criterion =((sigl1~2)/(F1t~2))+(((sig2)~2)/(F2t~2))+...
((tau6~2)/(F6°2))-((siglxsig2/(F1t"2)))== 1;

RHS_Tsai_Hill_Criterion_Solution = isolate(Tsai_Hill_Criterion,sigx);

Tsai_Hill_Criterion_Solution = (375106050*((899*cos ((pi*theta)/180) " 2x*...
sin((pi*theta)/180)~2) /27225 + cos((pi*theta)/180)"4/27225 +...
(400*sin ((pi*theta)/180)74)/6889) " (1/2))/(6193211*...
cos ((pi*theta)/180) "2*sin ((pi*theta)/180)"2 +...
6889*cos ((pi*theta)/180) "4 + 10890000*sin((pi*theta)/180)"4);

Tsai_Hill_track{k} = Tsai_Hill_Criterion_Solution;

%% Tsai-Wu

f1 = (1/F1t)-(1/F1c);

£2 (1/F2t)-(1/F2c);

f11 = 1/(F1t*Fic);

£22 = 1/(F2t*F2c);

f66 = 1/(F6°2);

£f12 = (-1/2)*sqrt(£11x£22);

Tsai_Wu_Criterion = f1*sig1+f2*sig2+f11*(sigl“2)+f22*.“
(sig272)+£f66*(taub"2)+2*xf12*sigl*sig2==1;
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Tsai_Wu_RHS = isolate(Tsai_Wu_Criterion,sigx);

Tsai_Wu_Criterion_Solution = (507285462027012669440% (342375%...
((1669507779061630946001571*cos ((pi*xtheta)/180) " 2*...
sin((pi*theta)/180)°2)/52104558018449538809856000 +...
(841*cos ((pi*theta)/180)°4)/17015625 +...

(170569*sin ((pi*theta)/180)°4)/7502121)"(1/2) +...

332xcos ((pi*theta)/180) "2 - 30875xsin((pi*theta)/180)°2))/...
(2797700784390072440833125*cos ((pi*xtheta)/180) " 2x*...
sin((pi*theta)/180) "2 + 4210469334824205156352%*...

cos ((pi*theta)/180)"4 + 1268213655067531673600000%...
sin((pi*theta)/180)"4);

Tsai_Wu_track{k} Tsai_Wu_Criterion_Solution;

k = k+1;

end

Max_stress_track = cell2mat(Max_stress_track);
Max_strain_track = cell2mat(Max_strain_track);
Tsai_Hill_track = <cell2mat(Tsai_Hill_track);
Tsai_Wu_track = cell2mat(Tsai_Wu_track);
figure (2)

hold on

plot (0: Theta_step:90,Max_stress_track)

plot (0: Theta_step:90,Max_strain_track,'--')

plot (0: Theta_step:90,Tsai_Hill_track)

plot (0: Theta_step:90,Tsai_Wu_track)

legend ('Max Stress','Max Strain','Tsai-Hill','Tsai-Wu')
xlabel('Orientation Angle (deg)')

ylabel ('Predicted Tensile Strength (ksi)')
title('Comparison of predicted tensile strength by failure criteria')
x0=0;

y0=400;

width=1920;

height=1000;

set (gcf, 'position',[x0,y0,width,height])

hold off

%AANNANNN NN COMPRESSIVE STRENGTH L LLLLLALLLLLLLLL LAY
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6.2 Appendix B

6.2.1 Drawings

NOTE: ALL IMAGES ARE FROM 11/06/2020
AND SHOULD NOT BE TREATED AS CURRENT.
CHECK WITH LRL VP OF STRUCTURES EN-
GINEERING AND VP OF PROPULSION ENGI-
NEERING FOR NEW COPIES OF DRAWINGS.
ALL DRAWINGS ARE FIRST REVISION COPIES
AND WILL BE ALTERED BEFORE USE. DRAW-
INGS MUST ALSO FIRST UNDERGO REVIEW
BY A PROFESSIONAL ENGINEER BEFORE USE.

e N2 COPYV Design Drawings
e RP1 COPYV Design Drawings
e HTP COPYV Design Drawings
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6.2.2 Fiber data sheet

“TORA

Toray Composite Materials America, Ine,

1 0 0 0 G Legacy intermediate modulus fiber with excellent pro-

cessability in traditional manufacturing methods (fila-
ment winding). Manufactured in Japan.

INTERMEDIATE MODULUS
CARBON FIBER

PRODUCT DESIGMATION RESIN SYSTEM COMPATIBILITY
Hee. F B A “ 2 SIZINGTYPE  pecy <vSTEM COMPATIBILITY METHOD
Fiber Type  Twist® Filament  Sizing Surface Sizing & AMOUNT
Count Type Treatment Armount 00 (0,79 Epciny TY-0308-05

*: Never Twisted

FUNCTIONAL PROPERTIES
FIBER PROPERTIES BROPERTY VALLIE
PROPERTY ENGLISH METRIC METHOD CTE -0.60-10%°C
Tensibe Strength 924 ks £370 MPa TY-030B-01 Specific Heat 0.752 Ifg-°C
Tensile Modulus 43.0 Msi 204 GPa TY-030B-01 Thermal Conductivity 0.105 Jiem 550
Stradn at Fallure 2% TY-030B-01 Electric Resistivity 1A 10 (e
Dencity 1.80 g/’ TY-030B-02 Chemical Composition: Carbon »95%
Filament Diametear 5um Na+ K =50 ppim
Yielhd 12K 485 g/1000m TY-0308-03
PACKAGING

The table below summarizes the tow sizes, twists, sizing types. and packaging available for standard material.
Other bobbin sizes may be available on a limited basis.

BOBEBIN SIZE (mm)
TOW SIZES BOBBIN NET BOBEINTYPE SPOOL PER CASE NET
WEIGHT (kg) a b c d & CASE WEIGHT (kg)
12K 20 i 765 825 280 140 252 12 24
Bobbin Type:
Type I

.-.:: ) I, = EEEEEEEEEREE o

Taﬁkp"tn T1000G

Updated fanuary 1
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6.2.3 Link to project file downloads
https://www.johnslugg.com/copv-design

6.2.4 Parametric model update sequence

1. Begin by opening COPV analysis scripts Propellant_ COPVs.m and Propellant_ COPVs.m
shown in appendices [6.1.1] and [6.1.2]

2. Make any necessary revisions to the design within the scripts and at the top of
the scripts set variable “Write_to_FExcel” equal to 1.

3. Ensure that the the master spreadsheet “Master.xlsx” is closed, then run the
scripts.

4. After the scripts have compiled open “Master.xlsx” and review the changes. Note:
Before elongating the propellant COPV laminate sequence by more than 5 plies,
you must first “insert” additional columns within the master sheet at the end of
the propellant laminate sequence to avoid overwriting other unrelated informaiton
within the spreadsheet. You must also update the Excel input commands at the
bottom of the Propellant_COPVs.m matlab script. Future updates may alleviate
this issue.

5. After the Master spreadsheet has been confirmed to be updated correctly open all
SolidWorks Parts:
) Angle_Alum
) Cylinders
(¢) Individual Baffle
(d) Overwraps
) Polar_Bosses
) Tank_Head
) Tubing

6. The design tables within these files must be updated. To open the design table
such that it can be updated, do the following:

(a) At the top of the design tree, there are tiles, one of which will be white and
the rest will be gray.

(b) Click on the “Configuration” tile which is denoted with two boxes connected
to a vertical line. If you do not see this tile, use the two arrows to navigate
through the tiles using the opposing arrows until you have found it.

(¢) Once in the Configurations tab, open the items revealing the “Tables” folder.
Open the Tables folder revealing the parts design table.

(d) Right click the design table and select “Edit Table in New Window”. This
will open excel. A windows alert may open; just click enable.
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(e) Once Excel has been opened, click the “Data” tab, then click “Refresh All”.

(f) Ensure you are in the “Lined_to_SolidWorks” sheet, click save, and then close
the spreadsheet.

7. After the design changes are updates, the parts should reflect to match the changes.
There are some items that can only be edited within the design table and do
not automatically update with the changes in the Matlab analysis scripts. To
check other configurations, double click the translucent configurations in the
Configurations tile.

8. Once the part has been updated, save and close the part. Perform this sequence
on each of the seven parts and the update sequence has been completed. All
assemblies should now have been automatically updated accordingly.
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